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Chapter 1

INTRODUCTION

This report presents the work performed from August 15, 1977 through
May 31, 1978 under the funding of National Aeronautics and Space Administra-
tion Grant NSG 2145.

This project is a follow-up of research performed at Kansas University
from May 16, 1976 through July 31, 1977. Both projects were aimed at enhan-
cing the usability of the General Aviation Synthesis Program (GASP). The
GASP program is an assembly of computerized design methods to aid in the
preliminary design phase of, specifically, general aviation airplanes.

The proposal for this project stated the pr;gram objectives as follows
(Reference 1.1):

1) To determine those stability and control characteristics
which are critical to the preliminary design process.

2) To evaluate stability and control analysis methods currently
available to determine those methods most appropriate for the
preliminary design functions which GASP performs.

3) To determine how the methods of 1) may be used to provide the
proper constraints and/or analysis functions for GASP.

4) To develop the appropriate subroutines for the methods of 3)
and how they may be appended into GASP.

More specifically, attention will be given to the determination of the
following stability and control characteristics in the preliminary design

process:
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1) Static Longitudinal Stability
3
1.1 Static Margin dCM/dCL
1.2 Static Stability C“
“a

1.3 Neutral point for stick free as well as stick fixed case.

2) Static Directional Stability, including propeller effects.

3) Engine-Qut Control

Analyze configuration for minimum control speed, VMC’ from
single degree of freedom as well as three degree of freedom
point of view.

4) Rotation Velocity, V

R
5) Dynamic Longitudinal Stability

Determine for stick fixed case:

5.1 Short period damping.

5.2 Short period undamped natural frequency.
5.3 Phugoid damping.

5.4 Phugoid undamped natural frequency.

6) Lateral-Directional Dynamic Stability

Determine characteristics of:
6.1 Spiral mode.
6.2 Dutch roll mode.

7) Trim at Low Speed aid forward CG

A trim routine will be incorporated.
The approach taken to comply with above objectives was to develop separate
computer subroutines which can be added as a package to GASP. Also these sub-
routines can be used as a separate subprogram to compute the Dynamic Longitudinal,

Lateral-Directional Stability characteristics for a given airplane.
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Details of the program as well as of the project organization and

financial status are presented in Chapter 2.

REFERENCES :

1.1 Roskam, J. et al., "A Study of Commuter Airplane Design Optimizationm,"
Continuation proposal to NASA Ames Research Center, July, 1977.
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CHAPTER 2

GENERAL INFORMATION

This chapter will describe briefly the management of the project as well
as the financial and research status. Also it will outline some of the

peculiarities and limitations of the compute: programs,

2.1 PROJECT MANAGEMENT

Figure 2.1 shows a proposed time schedule. The actual time schedule
followed closely the proposed schedule up until February 1978. After that
time considerable time was spent on developing subroutines for the computa-
tion of stability and control derivatives.

From August 1977 until February 1978 one graduate and one undergraduate
research assistant were on the payroll. From February 1978 until May 1978
two more undergraduate research assistants joined in the effort. During
the month of May support was received from one additional graduate research

assistant.

2.2 RESEARCH STATUS

As of the writing of this report all of the computer subroutines that
needed to be developed in order to meet the objectives outlines in Chapter 1
were finished.

In January 1978 word was received of the Computer Center of Kansas Univ-
ersity that the transliteration process,started during the previous project
at K.U., of the K.U. version.of GASP finally was finished. Test runs for two
airplanes, one a single engine propeller airplane and the other a twin engine
jet airplane, were done and proved satisfactorily.

Use was made of several existing subroutines developed by K.U.-F.R.L,
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They are documented in References 2.1 and 2.2.
All subroutines have been tested out separately, a test of the complete
program has not yet been done, Chapter 13 features a list of all the sub-

routines developed.

2.3 FINANCIAL STATUS

The budget for project 3130 is presented in Table 2,1. A complete
breakdown of expenses through May 31, 1978 was not possible; however, an
.estimation,at the time of this report, of the balance of funds for NASA
Grant NSG 2145 revealed an estimated deficit of $1500.00. This deficit is
mainly due to an unforeseen increase in the salary expenditures for the

month of May 1978.

2.4 REMARKS CONCERNING COMPUTER ROJTINES

The computer rouﬁines are based on a mixture of existing methods. Ex-
tensive use was made of empirical data. Care was taken to ensure that the
data are applicable to the range of general aviation aircraft considered
in this research i.e., ranging from the Cessna 150 type of aircraft to the
Learjet type of aircraft. Generally the Mach number range of the methods
involved is from M = 0.0 up to M = .99 unless otherwise indicated. Sweep-
angles of the wing quarter-chord range from small negative values up to 35°
sweep~back. The aspect ratio range goes up to R = 14 in general, again unless
otherwise indicated. If data within these limits were not sufficient then
extrapolations or data from other sources were added.

Data for graphs were implemented either one of two ways. Use was made of:

. Curve fitting techniques. An HP-65 calculator with standard
routines was used for this.
. A routine "RDP," was developed that interpolates between curves
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TABLE 2.1: PROPOSED BUDGET

September 1, 1977 - May 31, 1978

Direct Costs: NASA KU TOTAL
Salaries and Wages
Principal Investigator (Roskam)
5% for 8.5 months, Academic 745 744 1,490
100% for ! month, Summer 1,754 - 1,754
Research Assistants
} Graduate
75% for 8.5 months 6,375 - 6,375
1003 for 0.5 month 475 - b75
1 Undergraduate
50% for 8.5 months 3,188 - 3,188
100% for 0.5 month 350 350
Secretary
1 month 500 - 500
Total Salaries and Wages 13,387 745 14,132
Fringe Benefits:
172 Faculty and Staff 510 127 637
7% Sutdent 727 - 127
Other Direct Costs
Computer Cost 1,500 - 1,500
Travel to NASA and Meetings 800 - 800
Supplies and Reproduction 500 - 500
Telephone 200 -~ 200
Total Direct Costs 17,624 872 18,496
Indirect Costs:
54.92% fo Salaries & Wages 7,352 ko9 7,76}
TOTAL PROPOSED COSTS $24,976 $1,28) $26,257
Salary Schedule:
J. Roskam $1,754/mo.
Grad. Asst. 950/mo. (750 for 75%)

Undergrad. Asst. 700/mo.
Secretary 500/mo.
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and graphs. Points on a curve are input as data in the subroutine
whereupon Function "RDP" the correct iteration performs. See
Appendix B for a description of "RDP."

The computations for the stability and control derivatives in Chapter 11

are in the airplane stability axis systen.

2.5 REFERENCES

2.1 Wyatt, R.D. et al. A Study of Commuter Airplane Design Optimization
Third Status Report. KU-FRL 313-4 Aug. 1977.

2.2 Postay, M. A computer Program for Determining Open and Closed Loop
Dynamic Stability Characteristics of Airplanes and Control Systems.
KU, May 1973.
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CHAPTER 3

TRIM

3.1 INTRODUCTION

This subfoutine calculates stabilizer angle of incidence, elevator
deflection and 1ift coefficient of the horizontal tail needed for moment
equilibrium in cruise. The program distinguishes two cases: one in
which there is a fixed stabilizer with an elevator and one in which
there is an adjustable stabilizer with an elevator. In the first case
the airplage is trimmed with the elevator; in the second case, with the
stabilizer while elevator defiaction is zero. The resulting stick

force is not calculated.

3.2 TRIM EQUATIONS

There are two unknowns to be calculated: angle of attack and
either elevator deflection or stabilizer incidence. Therefore, two
equations are needed: the lift equation and the pitching moment

equation. From Reference 3.1, these are found to be:

mg cos y = (CL +C a+ C, 1,4 CLG GE) q S (3.1)

0 "o i E

0 =C. +C, a+C 1. 4+C. & (3.2)
Cno cna cniﬂn CMGEE

Since the airplane 1is considéred to be in level flight, the flight
path angle is either zero or very shallow, so cos vy = 1. The zero
on the left hand side of Equation (3.2) represents the moment equilib-
rium condition.
All possible power effects are assumed to be included in the above

equations. These effects are calculated in the subroutine POWER (see

3.1



Chapter 5) and can be added to the stability derivatives as determined
by the shape of the airplane.
The above equations can also be written in matrix form. For the

case in which the airplane is trimmed with the elevator, they become:

! ' .
&1 % a CL=— €= G 1y
a 8 1 0 i
L | E - H (3.7
T 3
CMQ | CMG Sg 'CMO‘ CMG Sg
! E E
in which o
c, == (3.4)
1 ¢S

The value of iH is fixed, e.g. at a value which yields minimum trim
drag in cruise.
If the airplane is trimmed with iH’ the matrix form of Equations

(3.1) and (3.2) becomes:

I ¢ a C, = C c. s
L | L L L, L. E
a I iH ) 1 0 GE
-“‘-l—— -_—— (3.5)
C | i}l -CMO- CM66
! E
The value of GE will be taken as zero because it is not necessary
to have two deflections at a time for moment trim (for force trim,

i.e. zero stick force, it is different). This means that the right

hand side of Equation (3.5) is reduced to:
(3.6)

The solution of the matrix equations (3.3) and (3.5) can be written

as follows:
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{x}=[aT"{e} (3.7)

If the airplane is elevator trimmed, the solution becomes:

- (3.8)

In the case of trim with stabilizer incidence, the solution becomes,

withk the reduced right hand side of Equation (3.5):

- -

Cy " ~CL L

H H

~Cy CL . <
a L a a | 1 0 (3.9)
i o c - :

u L, L L CMO
Cy Cy

Once the airplane is trimmed, the horizontal tail load can be

calculated according to:
CLH - CL (a0 + iH -c + TEGE) (3.10)
%y
It is assumed that the horizoutal tail is equipped with a symmetrical
airfoil. Power effects are assumed to be included in CL and in €.
%y
Checks will have to be made on limits of control surface deflec-

tions and on the maximum lift coefficient of the horizontal tail.
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If one or more of the calculated values fall outside the limits,

appropriate action must be taken.

3.3 PROGRAM DESCRIPTION

Subroutine TRIM calculates values of iH’ 6E and CL according to
H

the equations described in the previous section. To let the computer
know which case it has to consider, there is a control parameter KCONT.
For KCONT = 10 the airplane is trimmed with the elevator, and for
KCONT = 12 che airplane is trimmed with stabilizer incidence.

7o make the program as efficient as possible, the dummy variables
PEA, CUE, ARE and ESS are used. Values of these variables depeﬁd
on the value of KCONT. They are put into a matrix equation; the
solution vector of this equation consists of o and another dummy
variable, CS. This one is either iH or SE’ depending on the value
of KCONT. The program flowchart, given in Figure 3.1, shows how .
this all works out.

The program listing and a sample output are shown in Figure 3.2.
The sample output can be compared to the results of the hand calcu-

lation in the next section. A list of variables used in the program

is given in Table 3.1.

3.4 HAND CALCULATION

A hand calculation has been done for Airplane A, for which data
are presented in Appendix C. Since this ajrplane is trimmed with
stabilizer incidence, Equation (3.9) is used to calculate a and iH
while GE = 0. The cruise condition for this airplane is a flight
at an altitude of 45,000 ft with a cruice Mach number of 0.83.

The results of Equation (3.9) are:
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a = 1,69 deg
iH = 0,37 deg
This can be used as input for Equation (3.10), of which the result is:

C. = -0.1197.

LH

Compared to the actual horizontal tail load of this airplane in cruise,
the result is accurate within 4 percent.
The computer generated a value of:

Ly

C, = -0.1197.

TABLE 3.1 VARIABLE NAMES AND ORIGINS IN SUBROUTINE TRIM

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
ALPHA a rad -—— Dummy
ARE R -— -—-
CLAH CL rad-l Common
%y
CLALP CL rad-l Common
a
CLDE c, rad ! Common
8E
CLHMAX C — Common
max
CLHMIN C — Common
min
CLHT CLHT -— -—
CLIH c, rad™! Common
IH
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TABLE 3.1 VARIABLE NAMES AND ORILGINS IN SUBROUTINE “TRIM"

(continued)
NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
CLO CL — Common
0
CLl CL — Common
1
CMALP CM rad-l Common
a
-1
CMDE CH rad Common
GE
-1
CMIH CM rad Common
iH
CcMO CH —-— Common
0
CS —— rad —_— Dummy
CUE Q -— -—- Dunmy
DADDE da/ BGE -_— Common
DCLAHP AC rad-l Common
La
DCLALP ac, rad L Common
a
P
-1
DCLDEP ACL rad Common
§
EP
DCLIHP ac, rad Common
"
DCLOP ACL —-—— Commen
0
P
DCMALP AC,, rad’! Common
a
ORI quauIt
of P00

3.6



TABLE 3.1 VARIABLE NAMES AND ORIGINS IN SUBROUTINE "TRIM"

(continued)
NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
DCMDEP ACM rad-l Common
5
DCMIHP aCy, rad! Common
DCMOP ACM —-— Common
OP

DEDEG GE deg —
DELTEL GE rad —
DELTMA GE rad Common

max
DELTMI GE rad Common

min
EPS € rad Common
ESS S -— -— Dummy
EYEDEG iH deg —-—
EYEH iH rad ——
EYEHMA rad Common

max
EYEHMI rad Common

min
PEA P —_— —— Dummy
RAD —_—— — — Conversion

Factor
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‘ STARY '

IF

Y¢S

KCONT=10

WARNING
MESSAGE

WARNING
MESSAGE

‘ RETURN '

COMPUTE COMPUTE
PEA , CUE , PEA , CUE ,
ARE , ESS AKE , ESS

COMPUTE (3.8)

a and CS (3.9)

lF\yes

KCONT=10
no
COMPUTE COMPUTE
iH = (S GE = CS
i yes
COMPUTE
[+
LH
no
WARNING
MESSAGE

RETURN

( RETURN )

Figure 3.1: Flowchart for subroutine "TRIM?

3.

WARN I NG
MESSAGE

< RETURN )




CCI1SCanrnrs SUBRCUTINE TRIM (EYEH,DELTEL,CLHT)
0C20CH*xx*

CC30Ca*»+x THIS SUBROUTINE CALCULATES TRIM ANGLES AND TAIL LCAD

CO4L0Cx»*+x NECESSARY FOR MCMENT EQUILIBRIUM IN CRUISE.
COS0Ckanxw

0051 DATA CL1,CLO,CLALP,CLIH, CLAK/.265,.06,6.76,.848,4.068/

L2 2 2 2
hhkkdk
hhkkk
hkkhd
kkkdd

00s2 DATA CLDE,CMO,CMALP,CMIH, CMDE/.418,.047,-1.003,-2.693,-1.341/
gesz2 DATA DCLCP,DCLALP,DCLIHP,DCLAHP,DCLDEP,DCMOP/.0,.0,.0,.0,.0,.0/
00sé DATA DCMALP,DCMIHP,DCMDEP,DADDE, EPS KCCNT/.0,.0,.0,.5,.0654,12/
0055 DATA EYEHMI, EYEHMA, DELTMI,DELTMA/-.1414,.0175,-.2618,.2618/

00sé DATA CLHMIN,CLHMAX/-1.5,1.5/

004C DIMENSION A(2,2),B(2)

0e7¢C WRITE (6,5)

0Cag0 S FORMAT (10X,"KU-FRL DEVELCPED SUBRCUTIME FCR CALCULATION")

G090 WRITE (6,10)

0100 10 FORMAT (10X,"OF TRIM ANGLES AND TAIL LOAD IN CRUISE"™)

01G2 WRITE (6,11)

2104 11 FCRMAT (10X, “TESTRUN LEARJET 26™///)

6110 IF (KCONT.EQ.10) GC TC 15

0120 IF (KCONT.EQ.12) GO TO 20

0120 WRITE (6,12) KCONT

0140 12 FORMAT (10X,"KCONT= ",112," THIS IS AN ILLEGAL VALUE"//)

0150 GO TO 80

016G 15 CONTINUE

0170Ca%xnxni ik
C18CCxxxxx THIS IS THE CASE IN WHICH THERE IS A FIXED STABILIZER L 222 24
0190Cxxxxx WITH AN ELEVATOR; THERE IS NO TRIM TAB. fkhhk
0200Cx*»xx» THE AIRPLANE IS TRIMMED WITH DELTA E. okt oid
0210Canexn kkkdd
0220 EYEH=.0

0220 PEA=CLDE+DCLDEP

0240 CUE=CMDE+DCMDEP

0250 ARE=(CLIH+DCLIHP)*EYEH

0260 ESS=(CMIH+DCMIHP) *EYEH

0270 GO TO 25

0280 20 CONTINUE

02G0CHxAxn fdeddk
0200Cax**x THIS IS THE CASE IN WHICH THE AIRPLANE HAS AN ALL- bl d g
0310C#»»xxx MCVING TAIL WITH AN ELEVATCR; THERE IS NO TRIM TAB. khkhh

0320Cxxxxx THE AIRPLANE IS TRIMMED WITH IK WHILE DELTA E IS ZERO.

0330Cxnaxn

0240 DELTEL=.0

0350 PEA=CLIH+DCLIHP
0260 CUE=CMIH+DCMIHP
0370 ARE=.0

0380 £SS=.0

0390 25 CONTINUE
0395Ch*an+

0400Cx»%x»» CCMPUTATION OF THE ELEMENTS OF THE
0410C+#»xx MATRIX EQUATION FOR TRIM WITH DELTA E OR IH
0420C#%x2xx AND SOLUTION CF THE EQUATION

0425Chntnn

Figure 3.2: Listing of subroutine '"TRIM!
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043C A(1,1)=CLALP+DCLALP

0440 A(1,2)=PEA

C4s0 A(2,1)=CrALP+LCMALP

0440 A(2,2)=CLE

0470 B8(1)=CL1-CLO=-DCLOP-ARE

0480 B(2)==CMC-DCMCP-ESS

0490 DETER=A(1,1)*A(2,2)-A(1,2)*A(2,1)

0500 ALPHA=(B(1)*A(2,2)-B(2)*A(1,2)) /DETER

0510 CS=(B(2)*A(1,1)-B(1)*A(2,1))/DETER

0520 RAD=57,29578

0530 IF (KCONT.EQ.10) GO TO 40

0540 EYEH=(S

0550 EYEDEG=EYEH*RAD

0560 DEDEG=DELTEL*RAD

0610ChkaRakn LTI
0620Cw*x%%x* CHECK IF IH DOES NCT EXCEED ITS MAXIMUM VALUE mnxxx
O620Crennn kbR
0440 IF (EYEH.GE.EYEHMI.AND.EYEH.LE.EYEHMA) GC TO SO
0650 WRITE (6,25) EYEDES '

0660 35 FORMAT (10X,"IH= ", 1F10.2,." DEG; EXCEEDS MAXIMUM VALUE"//)
0670 GO TO 80
0680 40 CONTINUE

0690 DELTEL=CS

0692 EYEDEG=EYEH*RAD

0694 DEDEG=DELTEL*RAD

07C0Chknn« AhkAk
0710C*x»*xx+ CHECK IF DELTA E DOES NOT EXCEED ITS MAXIMUM VALUE #anks
0720Chxenn kkkhh
0720 IF (DELTEL.GE.DELTMT . AND.DELTEL.LE.DELTMA) GO TO 50

0740 WRITE (6,45) DEDEG

0750 45 FORMAT (10X,"DELTA €= ",1F10.2," DEG; EXCEEDS MAXIMUM VALUE"//)
0760 GO TO 80

0770 S0 CONTINUE

0720Ch%adw khhkd
C750Cx*ax* CALCULATION OF HCRIZONTAL TAIL LIFT COEFFICIENT Lt ad g
Q800Caar%xxx AND CHECK IF IT DOES MOT EXCEED ITS MAXIMUM VALUE #ndax

0810CHxenx AR
0820 CLHT=(CLAH+DCLAMP) » (ALPHA+EYEH-EPS+DADDEXDELTEL)

0830 IF (CLHT.GE.CLHMIN_AND.CLHT.LE.CLHMAX) GO TO 60

0840 WRITE (6,55) CLHT

03850 SS FORMAT (10X,"CLH= ",1F10.3," EXCEEDS MAXIMUM VALUE"//)
0860 GO TO 80
0870 60 CCNTINUE

0880Chkxxn 12122

0890C#%xx* QUTPUT DATA w#anx

0G00C Rk &+ Ri ke

0v10 WRITE (6,65) EYEDEG

0920 65 FORMAT (10%,"IH= *,1F10.5," DEG"//)
0930 WRITE (6,70) DEDEG

0940 70 FORMAT (10X,"DELTA E= ", 1f10.5," DEG"//)
0950 WRITE (6,75) CLHT ‘

0960 75 FORMAT (10X,"CLH= ", 1F10.5/

0970 80 WRITE (6,85) :

0980 85 FORMAT (10X, "##xx%x END OF SUBROUTINE TRIM wxwax///)
0990 sSTOP

1000 END

Figure 3.2: continued
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Figure 3.2: continued
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CHAPTER 4

GROUND EFFECT

4.1 INTRODUCTION

The method currently used in GASP to compute the ground effect
is a3 simple one from Reference 4.1. This method uses only height
above ground and aspect ratio as variables. However, References 4.2
and 4.3 indicate that, among other things, the lift coefficient gen-
erated by the wing is of great importance in determining the ground
effect. Several methods for calculation of the ground effect were
compared, and the method provided by Reference 4.4 was finally chosen

for its completeness and relative simplicity.

4.2 DERIVATION OF EQUATIONS

In this chapter the method of Reference 4.4 will be described.
Appendix B describes the other methods used in the evaluation. The
method used in Reference 4.4 is based on a lifting line theory. 1In
a situation where the ground is within a wingspan distance érom the
wing, a system of image vortices may be set up to account for the
effect of ground proximity on the wing. The image vortex system is

set up such that the boundary condition is met: 1i.e., the normal

velocity on the ground plane is zero. Figure 4.1 depicts the situation.

-

[ T Bound Vortex w
- Trailing Vortex
o
/UG /. 7/
| Ground
’E:. _______ Image Systen

Figure 4.1: Image Vortex Systenm
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The effects of the image vortex system may be summarized as follows:

1. The image vortex of the bound vortex induces a velocity
distribution in the opposite direction to the free stream
velocity, thus reducing the 1lift. Also the camber and
incidence of the wing airfoil are increased, thereby
increasing the lift.

2. The image vortices of the trailing vortex system induce
upwash at the wing which may be seen as an increase in_
wing angle of attack.

The effect of the bound image vortex may be found by applying Helmholtz's
law which gives the decrease in speed at the airfoil:

Av cl

v: ® 8r n/c (4.1)
From this the increase in angle of attack to maintain Cz may be found
as:
2
I S
4 h/e ¢,
a

Aa (4.2)

The effective increase in camber is proportional to AV/W. and the chord
length inversely proportional to the height. By assuming that the aver-
age upwash induced by the image trailing vortex is equal to the upwash

at the mid chord point, the decrease in angle of attack to maintain Cz

constant may be found as:

c
--2s Ve X (4.3)
Ba = =25 7 2% T " G4r (h/c)

For finite wings the effects described above are less due to the finite

length of the vortices. A correction factor £ takss this into account.

The total effect of the bound image Vortex may now be found from:
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c c
L L 1
bay = B T h/c <c ~ 16 n/e ) (4.4)
g I‘a 4
where:
- 2 _
8 1+ (2 heff/b) 2 heff/b (4.5)
The effective height heff is as defined in Figure 4.2.
~ ~
Zheff'hac+hTE '

D T

~ 7T _/
Figure 4,2: Defiaition of Effective Height

The induced upwash due to the images of the trailing vortex may be seen

as a reduction in angle of attack to maintain Cl constant:

Azu = - oo, (4.6)

where: @ = CL/mR 4.7)
) .768

c EXP [- 2.48 (2 hefflb) ] (4.8)

Again, 0 is a correction factor which takes the finite length of che
vortices into account. A general expression for swept wings of arbi-

trary aspect ratio is:

8,0 = - aC (1/C, -1/, ) (4.9)
a x

The total effect of the ground on the wing lift is as seen in Figure

4‘3.
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¢ / Ground Effect

No Ground Effect

Figur. 4.3: Total Effect of Grcund-
Pruximity on Wing Lift

There are several other effects of ground proximity on the lift of the

complete aircraft, generally of lesser' importance than the effects de-

scribed above. They are the following:

1.

The image vortex system .nduces an upwash at the horizontal
tailplane, thereby chaaging the 1ift. Also ground effect
causes a shift in the wing center of pressure which causes

a moment to be counteracted by elevator deflection. Further-
more, the image vortices of the tailplane itself causes up-
wash or downwash. All these effects are not easily calculated
and of relatively small magnitude and therefore will be dis-
regarded.

The pressure distribution around the airfoil changes consider-

ably within ground proximity. The attainable C usually

Lyax

will be decreased, which can have an important influence on
VWO

usable format.

Again these effects cannot be expressed in a readily

4od



Summarizing, cthe total effect of the ground proximity on the airplane

1lift may be expressed as:

C
C OR cosh L
E:_l-_,. 1+g- 1/2 g (cL 2 ) (4.10)

“|4mh/c - -
b 2cosA, .+ &R2+(2cosA,,,)? g \ = 1l6h/c

1/2 1/2
This expression provides the lift increase at constant angle of attack.

To account for the effect of flap deflection on height above the
ground, the following expression was derived (see Figure 4.4):

The height of the trailing edge is:

h’l’E N hac - hf (disregarding hc) (4.11)
Cg
or: hpo xh - SIN&. |—)(c) (4.12)
For the effective height, heff’ it is seen that:,
Cf
hege & 2 by - SIN 8¢ (=) (c) (4.13)
)

— - — hf
N

hre

Ground

Figure 4.4: Definition of Geometry Parameters
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4.3 DESCRIPTION OF PROGRAM

A flowchart for the program is shown in Figure 4.5. The program

essentially only calculates the ground effect factor Kc . Elsevhere,
LGE

in the calling routine, this factor is used to calculate the increase

(or decrease) in 1lift for a given angle of attack or to calculate the

change in angle of attack for a given lift coefficient. Shown in Figure

4.6 is a listing and a sample output of the program.

Table 4.1 shows a listing of the computer parameters. Appendix A

shows a comparison with other methods.

4.4 HAND CALCULATION

A hand calculation of subroutine GROUND for Airplane 3

is given in Appendix A.

TABLE 4.1 VARIABLE NAMES AND ORIGINS IN SUBROUTINE GROUND

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
ALPHA a deg Calling

Subroutine
ALPHLO @, deg Common
AR R —-— Common
B b ft Common
BETAG 8 —-— —— Correction

Factor

c3 c. — —— Dummy
Cé4 <, -— Cm— Dummy
CBARW Ew ft Common
CFOC QE' /e —— Common
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TABLE 4.1 VARIABLE NAMES AND ORIGINS IN SUBROUTINE GROUND (Continued)

NAME ENG. SYMBOL  DIMENSION ORIGTN REMARKS
CLALPH c, rad~t Calling

o Subroutine
CLOGE CL — —— Dummy

OGE
DELCL L\CI —— —— Dummy
DELCLL ACI rad Common
DELCLP AC

Lpower
DELCTO ACL —— Common

T.0

DELFL § £ rad Common

L
DELF 8 £ deg Common

' DLMC4 Al J4e deg Common
DLMC2 ‘ Al /2¢ deg — Dummy
HAC ha e ft Calling
Subroutine
HEFF —— —
KCLGE Kc —— —
LGE

RELF [ £ rad —— Dummy
RIMCS I\1 Jbc rad —-— Dummy
RIMC2 Al /2¢ rad — Dummy
SIGMA o - - Dumy
SLM A —— Common
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‘ START ’

IHPUT
DATA

COMPUTE

huff

fig., 4.2

COMPUTE (4.8)
a,'¢y, €,

COMPUTE

c
l'cagc

CO:PU TE (%.10)
cL ge

( RETURN >

Figure 4.5: Flowchart of subroutine ''GROUND"

ORIGINAL BAGE I&
OF POOR QUALITY
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fe FUCTICY KCLLE (LSUF,CFOC,CLALEK, "LFFA, ALFKLE,
i ’tELCL,,»LCL’ F10)

e

s

Lot THIS SLERCUTINE CALCULATES THE ERCLND EFFELT

35 FACTCR ACCCRCIMC TO THE TORTMCEEK XETHLD

o

7 CCHRCE/WING/OLICA AR , 5L, 8, CROLY, CEARY, 811, CLAVP
o REAL KCLGE

$C IF (TLIFT.EC.C.ORLILIPT.EC.S) €CTC 1G

13 RELF=, L1745 %DELF

11C IF (HAC.LE.C.CT) €C TC 1G5

18 HEFF=C . #HAC~SIN(RELF) *CF(CCTAFY

1.4 SIGrASEXP(~C A0 (HEFF/T) #2 ,767)

14 - CETAG=SGRT(T+(HEFF/E)*»d ) -HEFF/B

15u . RLEC4=,C174522a0LiCe '

1ée RLNCZSATAN(SIN (RLFCA) /CCS (RLICE) =C (1. =SLA) / (1, 45LI1) ) /AR)
178 C2=C . *CCS(RLECDI+SCRT (AR #22,+ (2. 2CCS(RLIFCC) I wng,)

1ec C4=§ETﬁGI(1:.5&64*"£CIC:5RH)

158 CLCCE=CLALPHA C174 S35+ (ALPHA-ALPFLC) +DELCU+DELCLP

eCCC '

L MCY THE CRCUMD EFFECT FACTCR It CALLULATED

ceit . ' )

eIl KCLGE=1 . +SIGMA=FICIARARXC{S(RLICE) /CT~C4Aw (CLCGE~CLALPH/

260 T(1S.+HEFF/CEARY))
256 105 CORTIMLE

265 RETURM
370 END

HAC HEFF KCLGE

45,756C  SC.CEES 1.00C2

42,4832  §5.4525 1.0C04

L1.18C46  30.5177 1.6008

30.8526 76.3417 1.0012

25,6048  71.7661 1.CC1E

342170 57.18CS 1.0C2S

32.6252  62.6145 1.CC24

29.7414 53,0363 1.G048

27.4536 53,4637  1.G060

25.1658  4E.8731 1.CC79

22.278C  44.312% 1.0102

20.5662  35.7764% 1.0132

18.3C26 35,1613 1.0171

16.0146 30,5357  1.C21$

12,7268 26.01G1 1.0272 .

11.4350 21.4345 1.0252 ORIGINAL BAGE Ib
$.1512  16.852% 1.0463 OF POOR QUALITY
$.8634 12,2837 1.C561

. 6.57S6  7.7077 1.07¢1
J.2873 2,122 1.1422

Figure 4,6: Listing end sample printout
of subroutine ''GROUND"
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CHAPTER 5

POWER EFFECTS

5.1 INTRODUCTION

This chapter describes the subroutine that calculates the effect
of power on lift and momént along the Y-axie., The program uses
formulas and empirical data compiled from several references. The
current setup only calculates propeller effects. However, the calcu-

lation of the effect of jet engines is far more straightforward.

5.2.1 DERIVATION OF EQUATIONS, EFFECTS ON LIFT

The effect of pawer on the aircraft characteristics may be split
up in two parts:

* Direct effect due to propeller forces

e Indirect effect due to propeller slipstreanm.

The direct effects are the following (see Figure 5.1):

1. The propeller normal force adds to the total lift
force.

2. The propeller thrust force adds to the total iift
force.

The indirect forces are the following (see Figure 5.2):

3. Due to the slipstream over the wing (increased velocity),
there will be an increase in wing normal force.

4. The propeller slipstream will act as a form of boundary
layer control, thereby influencing the maximum attainable
1ift coefficient.

S. Due to the increase in velocity ac the tail locationm,

there will be a change in tail-1ift.
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6. The dowvnwash at the tail will be influenced.

Figure 5.1: Direct effect of power

C
h

Figure 5.2; Indirect effects of power

The total 1lift coefficient of the airplane may now be expressed

as:
c.=C +(aC,) +(AC,) +(AC ) _ +(aC,) +(AC. ) +(AC )
L I"l’r:op.off. cL T L NP L A“w L € Lﬂ A3 Lll Ae
P g B
R —
Wing Horizontal Tail
— - ’) v ~ |
Propeller Forces Propeller Slipstream Effects
(5.1)
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5.2.1.1 EFFECT OF PROPELLER FORCES

The definition of the geometric parameters is as given in Figure

5.3.

Centertine of slipstream

C/4 of horizontal tall

T
T zh
i
Body axis
['p - h
%y
Figure 5.3.a: Definition of geometric paramaters
The contribution of the thrust vector to 1lift is obtained from:
- ?
(ACL)T N (Tc/prop) sin a, (5.2)
where:
N is the number of engines
T;/,,mp.lh_fg-;tlm (5.2.a)
q“Sw
Gy =ay + 1'1‘ (5.2.b)
iGﬁ““‘ uxﬂ
OF pooR QU

5.3
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Centerline of propeller
slipstream
In YZ-plane at wing
Outline of slipstream quarter-chord mean
tube - aerodynamic chord of
‘ immersed portion of

wing
/ l - (ZS “ Zw) -

N

bi =2\1Rp2 - (Zs '2w)2

o
le (ce;)
Aerodynamic center R — ¢
of immerse_dM \ ; - [(b;)e] 1+ 2N,
wing area =¢;j | =317 I\T+
‘ F‘Cri, ‘ ‘I \ lg 2
1= 5 Cri e -—TT
Y ‘e
S| =bi£i
b.
. Aj=—
Exposed portion of | gravity | ¢
immersed area | .
|

Figure 5.3.b: Definition of geometric pacemeters, single engine
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Anaesb jo 13)ud)

Mz sy -y 2= dosdyla

12 j0 Jayusd
Jlweuhpolay

h
dosds'q

1a(doadyiq = dosdy!s

Huu = doadyS

= _4‘

Definition of geometric parameters, mult! engine

Figure S.3.c:
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The contribution of the propeller normal force to the lift is

obtained from the following equation from Reference 5.1:

S _/prop
(AC.) =NfC, a_ cosa 2 (5.3)
L N y p T 8§
/] W
p 0
where:
f is the propeller inflow factor from

Figure 5.4 as a function of

2

T, = (T/prop)/oV2D (5.3.a)

C ., is a function of propeller type and
operating condition. The values for

a particular propeller family are given

in Figure 5.5. Extrapolation to other
propellers can be made by means of Figure
5.6 on the basis of the "side-force factor®,
SFF. This is a geometrical propeller param-

eter, approximated by,Equation(S.AJ

2.0
L8 ""r"—J
L6 ﬂr/ sl
1.4 |

' 1.2 ;/

1.0
8

.6
-2 0 .2 .4 .6 .8 1.0 1.2 L4 L6 L3 20

Te

Figure 5.4: Variation of f with Tc (ref 5,1)

. ORIGINAL BAGE I5
OF POOR QUALITY
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Cr,, for desed propelior

Crh from Fig. 8.10, 2

5 '
4 / !
¢ / —Slngll l
wntch>/ gl ‘Oﬂi/
rotation &
3 4 T
. T
Numnem‘/ / / ]
) baces o T A
4
1 2
0 10 20 30 40 50 60
B’at 0.75 radius, deg
Figurs §.5: Propeller side~force coefficient (ref 5.1)
160
'S dlan. Gusth ottt -
b7 12 Mo, wage sesiun
140 Vs 3 Sotus, Soghe ivhen
S
120
1.00
N
0.850 2
It
060 (gt
00S 60 ™) 100 120 140 160 o

F'w" 506:

Side~foree factor, SFF

Propel lar side~force coefficient
as function of SFF (ref 5.1)
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The propeller side force factor is given by:
SFF = 525 {(b/u)o.3 + (b/D)o.al + 270 (/D) 4 (5.4)

where:
b/D is the ratio of blade width to propeller

diameter and the subscript is the relative
radius at which the ratio is measured.
The local angle of attack of the propeller plane, ap. may be

obtained from:

13
u
ap ap = aa (cw - ao) (5.5)
where:
aeu
e is the upwash gradient at the propeller,
a
obtained from Figure 5.7.
ay is the wing angle of attfack:
Wyt
a4 is the zero lift angle of the wing

The total effect of propeller side force on lift may now be
calculated as follows:

Cy. for desired prop

9
Wo e

S

((SE/prop))
W

u.
a,, - \ -Q )
N ywo v, from Figure 5.5 T aa W 0

(ACL) =NfC, l?
P
wO

(5.6)
Using HP 65 curve fitting routines, the following approximations

were found:

£ =0.652 +1.183 LN (Tc + 1.3) (5.7)
aér; 001125
Cy& = 0.01360.75+-{0.01254-& | 80.75} (BL-Z) (5.8
0
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where:
BO 75 is the blade angle at 75X of the propeller

radius (in degrees)

actual prop

CYJ,
o M -
T, et prop 2.938 + 0.901 Ln(SFF) (5.9)
wO
3 % ,‘4-3"!/
€
52 = -0.1136(2=) -0.027 (&~ 4) (5.10)
a i
1.6 , !
| s
1.2 //ﬁ
e I /Aé :
x A ;7, 1
1 {
4 ' / '
T
chord
—— T
0 -
2.0 1.6 1.2 .8 4 0 -4 -8

. Figure 5.7: Upwash gradient ai plane of symmetry for
unswept wings (ref 5.2)

5.2.1.2 EFFECT OF PROPELLER SLIPSTREAM, INCREASE IN DYNAMIC PRESSURE

The contribution of power to 1ift due to change in dynamic pressure
on the immersed portion of the wing is obtained from the following

equation from Reference 5.2:

bq,, (8, /prop)
ac) _ =N xl(—_—-)(ch) (——-—s————) (5.11)
£

AqW Qoo prop of w
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where:

Kl is an empirical correlation parameter for
additional wing 1lift due to the power ef-
fects. May be obtained from Figure 5.8.
A-W
- is the increase in dynamic pressure due to
%

propeller slipstream on the immersed portion

of the wing, as given by Equation 5.12:

Aqy Sy (T¢/prop)

- 2
q, n Rp

(5.12)

Si/prop is the portion of the wing immersed in the
propeller slipstream (per propeller), ob-

tained from Figure 5.3 with:

Silprop = (bi/prop) Ci (5.13)
where:
2 2’
bi/prop - ZJRp - (2.’s - ZW) (5.14)
B - ' - - £ .
zs xp (ab €y .p) + z.r (5.15)

The upwash at the propeller plane is obtained from Equation
(5.10) and:

9e

e, = - .511 (aw - a,) (5.16)
a

The propeller-induced downwash is given by:
e =—PRg4 (5.17)

The derivative Beplaap follows from Reference 5.2:

. cl+C2(cy‘L ) (5.18

a
P o P
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where:
Cl and 02 follow from Figure 5.9, and

( C., ) follows from section 5.2.1.
Yy '»
0
* /
/
) /
Sw(lc/prop) i /
8Ry? /E .
)
//
T {
2.0 } ]
| Iy
! [ IIL A'
\ | h /
A LS L '/
i | )
AN Wi
\ — [:
N\ Yivi
Lo A - /|
N /
2 [ 6 8 10 :
| . 2
L LN
Sw”’ lprw’ i‘ u\ N : ‘4
£ : 6 K
SRDYv }: \\\| . 1
| 0NN NNl
: AR
T AWANRGN Lo
: NNV N
| NOSA N N2

Figure S.Bi Empirical correlation f;;tor for idd!ttonal 1ife
due to slipstream (ref 5,2)

ORIGINAL BAGH 1
OF POOR QUALITY
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Propeller angle of attack is given by Equation (5.5). Using

HP 65 curve fitting routines, it may be found for Figure 5.8:

X, = 2,638 a2:0312 L 3 8116 +4.2237 A, -1.6186 Ai) A+

{
+ (0.0418 Ai'3383) 22 (5.19)
(Sw(Télprop)
X,=1.9938 + 1.2194 LN ———————2———) (5.20)
\ s8R
P
. -xz(xl + 3)
3" 10 (5.21)

S,, (T'/prop)
(-0.3663 L L )
8 K

)
K, = + 0.9191 e P + < (5.22)

1

The equation for the propeller induced downwash was found to be:

*p s, (T/prop)
~— = 0.3732 + 0.1703 LN S E— +

da
8 R
P P
S, (T' /prop)
+ [0.2155 - 0.0504 —“cz— ]( c.,’ ) (5.23)
8 R Yy
P 0
P
1.0
8 o
) ——
.6 /// ““ ‘
Cior C =Cy + CHfC
R oo 2(%0) .
l I i [l
1 !

Figure 5.9: Propeller Induced downwash (ref 5.2)
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5.2.1.3 EFFECT OF PROPELLER SLIPSTREAM, PROPELLER DOWNWASH ep

The contribution of power to lift due to change in angle of

attack as a result of propeller downwash, ep. may be obtained irom:

Ac-lw (s, /prop)
ey = Nf1+— ), ) (8a), —tr— (5.24)
I'e q a si sw
P ® prop off  (pef. 5.2)
where: _
Aqw
p— is defined by Equation (5.12)
Qoo

Si/ptop is defined by Equation (5.13)

and €
- (Aa)s --————Bsz— is the change in angle of attack
R (5.25)
a

5.2.1.4 EFFECT OF POWER ON MAXIMUM LIFT

So Far the effect of power on lift at discrete angles of attack
has been calculated. Power also has an effect on maximum attainable
11ft, since the angle of attack at which stall occurs first will be
increased with power. This depends »rimarily on the ratio of im-
mersed wing area to total wing area. Figure 5.10 illustrates the
effect.

The increment in maximum 1ift due to power may be obtained from

the following empirical equation:

ac, = K, (ACL') (5.26)

Power

where:

(ACL') is the increment in tail-off lift

Power due to power at power-off maximum

1ift angle of attack.

ORIGINAL BAGE 15
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KZ is a correction for immersed wing area,

obtained from Figure 5.11.

Luen

Figure 5.10: Effect of power on meximum 1ift

2.2

2.0 ‘ /

1.8

[

7
|/
7/
1.2 _—4
”
v”
10lae=t"" [
0 1 2 .3 A 5 6
Si
Sy \

Figure 5.11: Correction factor for maximum Vift (ref 5.2)
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Using a HP 65 curve-fitting routine, it was found for the Factor K:

2

51 51
R, = 1.1856 - 2.1129 5= + 7.6104 (g-) (5.27)
W

W

By using the foregoing procedures, the tail-off lift character-
istics of the airplane can be calculated. Now the effect of power
on the tail-plane lift will be calculated. The effect of the change
in lift of the horizontal tail on the total lift of the airplane is

small; however, the effaci on pitching moment is significant.

5.2.1.5 EFFECT OF POWER INJDUCED DOWNWASHR ON HORIZONTAL TAIL-LIFT

The '‘power induced change in downwash at the tail, (Aea) R
' Power

may be estimated for single engine airplanes by using Figure 5.12
or for multiengine airplanes by using Figure 5.13. These figures

are from Reference 5.2. The variables involved are:

(c,)

H props off Propeller-off downwash angle calculated
in subroutine DOWNWS.
Té/prop Propeller thrust coefficient.
Sw Wing area.
Rp Propeller radius.
ZHT Distance from thrust axis to horizoatal

tail (see Figure 5.3).
By using HP 65 curve~fitting routines, the following approxi-
mations may be found fromFigures 5.12 and 5.13. The effect of power

on downwash for single engine airplanes may be calculated with:
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Figure §5.12: Effect qf power on downwash for single engine airplanes (ref 5.2)
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0.0688 (eh)

_1.235 s, (T*/prop)
X, = 0.5376e ProPs Off 4 0.4366(c,) (‘EL'Jiii"")"

props off 8 Rp

2
1.3152 (sw(ré/?‘°?))

0.1091(¢€, ) 5 (5.28)
props off 8 Rp
zuT znT :
(ace )P ’O 8189 - 0.0185 IR 0.1953 71'1_ * (5.29)
ower p P

For multiengine airplanes the following equations can be used:

X = -1.0234 + 0.9775(23) - 0.1032(Ea)2 +
prop off prop off
- - 2 Sw(T::/prop)
3.5191 - 0.2409(ea) + 0.2025(ea) — ] -
prop off prop of 8 Rp
. € 2
° 2253(en)prop off Sw('ré/prop)
0.8738e — (5.30)
8 R
P
X6 = XS(NO Flaps) (5.31.a) OR X6 = 0.5 + 0.889 XS (Flaps) (5.31.0)
where: (e,) in degrees.
power off
(AeH) ={0.9951 +0. 0419§R—-- 0.302 -zl‘r- (5.32)
power

where the height of the horizontal tail above the thrust

line, Z, , is given by the fr lowing equation,6see Figure
iy 7 '
5.3.a,
H"r ZH -2 +(t.an (i,r)) (Xp + !'H) (5.32.a)
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To calculate the effect of power on dynamic pressure ratio at
Aih
the tail, —, use can be made of Figure 5.14 (from Reference 5.2).
9,
For low values of Té (close to zero), use should be made of the free-

flight value for the tail.

(T /prop) )
x, =Jo.3 + A > 0.865 | = (5.33)
| 8 R Sh
P
- z
Aq H
2. ’1.0102-0.1638 —££ _ 0.390 -R—efi i X, (5.34)
- ¢ P
The effective height of the pfopeller.slipstrean, ZH , at the
eff
tail, may be caiculated as follows (s e Figure 5.3):
—z-z'{ - - (cy) -(ae,) }-
zﬂeff . S 2% % H power off B pover Zn
(5.34.a)
where:
Zs is the vertical distance from X - body
axis to slipstream centerline at 1/4 eyt
= X' - - '
Zs X ? (ab € ep) + ZT (5.34.b)

The change in lift due to above effects may be obtained from

the following relation:

c"a(hf) - (an(hf)z xnkmr (Ref. 5.2)  (5.35)

Hi aﬂli.l
where:
s q Aq
Ky " (.s.‘.*.) (:‘1) + B (5.36)
ower W q, 9,
prop off
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|

is the 1ift of the tail, referenced

H' qH/q =1 to the tail area and a dynamic pressure
of one.
Shy
Sn
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\ 1.2
N \ |
\
Sw(¥ clorop)
NS TN T 3
N WAV 8R,
NAEAE)
NN
NN
N
AN\
: 0
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Figure S5.14: Effect of power on the dynamic pressure ratio
at the tail (ref 5.2)
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The tail lift may be obtained from:

= CL (uH - a, ) (5.36.a)
a H

c
"n(hf)sw 3/3m .

where:
ay = - (en)pOUEt off- Aea§ower+ in (5.36.b)
The area of the horizontal tail, immersed in the slipstream,
may be calculated as follows (see Figure 5.3):
Single-engine airplanes:

Sy, = (ZRp/bH)SH (5.37)

Multi-engine airplanes:
® /2-Y)+an-zn
By T P ££

S = L2 S
B bH/Z

2

(5.38)

HT

The total effect of power on lift may now be calculated as
indicated by Equation(5.1.)
Now that the effects of power on the lift force of the airplane

are known, the effects on moment about the Y-axis may be calculated.

5.2.2 DERIVATION OF EQUATIONS, EFFECT ON PITCHING MOMENT

The total effect of power on pitching moment may be suamarized

as in Equation (5.39):

= ( ) +(8C,) +(AC,) +(aC, )  +(ac,) +(AC)) +C
p c“wfn P _ CM T CM NP CH0 - M WL CM np+CMH(hf)
ower nff bq,
(5.39)
where:
(CM ) is the power-off, tail-off pitching
wf

n
power off moment obtained elsewhere in the

program.
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(ACM) is the pitching moment due to offset

thrust.

(ACM) is the pitching moment due to offset
N
propeller normal force.
(ACM ) is the effect of propeller slipstream
0 -
Aqw

dynamic pressure increment on zero

lift pitching moment.

(ACH) is the total effect on pitching moment
due to slipstream dynamic pressure and

angle of attack changes.

(ACM) is the effect of propeller slipstream
ap

on nacelle pitching moment.

‘(ACM) is the effect of dynamic pressure and
downwash on pitching moment due to
tail-1ife.

(CMH) is the power-on pitching moment of the

hf tail.

5.2.2.1 PITCHING MOMENT DUE TO THRUST OFFSET

The pitching moment due to thrust offset may be obtained from:
ZT
(ac,) = N (T'/prop)| s (5.40)
M c Z
T W
where the geometric parameters are defined in Figure 5.3.

5.2.2.2 PITCHING MOMENT DUE TO PROPELLER NORMAL FORCE

This effect may be calculated with:
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X

1

(ACM)N - (ACL)N (:2)(‘:“%) (5.41)
P P W

where:

(ACL) is the propeller n' rmal force, to be obtained

N

P from Equation (5.3).

The geometric parameters are defined in

Figure 5.3.

5.2.2.3 THE ZERO LIFT PITCHING INCREMENT

Due to the effect of slipstream on the wing and nacelles at zero

1ift, there will be a change in zero lift pitching moment:

(ac,, ) =K - (C,) (Ref. 5.2) (5.42)
c"o o WM .
W prop off
where:
KAa is the factor that takes the power effect
W

into account, to be calculated from Equa-

tion (5.43).

Aq S c
Kye o2 (—s—i- 2] (Ref. 5.2) (5.43)
W Q,/\ W Sy
where: _
4 W
- is the increase in dynamic pressure ratio,
(]

to be calculated with Equation 5.12.

Si is the immersed portion of the wing area

(see Figure 5.3):

S, = N (b,/prop) Ei (5.44)
The zero 1lift pitching moment (CM ) may be determined
0
iprop off
as follows:
-]
ORIGENAL BAG
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For twin-engine airplanes:

(C, ) = (Cy ) = (Cy )
G, , ’

iprop of f Whsrop off Area not immersed

(5.45)

where:

(CH ) is the propeller-off Cy of the
0 0

wn
prop off wing and nacelles, uvbtained elsewhere.

and:

[e N ]

s. - S e
(CM ) . (CM ) [WS 1] not immersed (5.46)
0 w

Area not immersed W

wprop off

where:
(CMO) is obtained elsewhere

wprop off
_ Sw - 8i

Cnot immersed bw - bi (5.47)

For a single~-engine airplane:

Replace (CMO) with (CMO) which 1is the
wnprop off Wfprop off

propeller-off CM of the wing and fuselage obtained elsewhere.
o K

5.2.2.4 PITCHING MOMENT INCREMENT DUE TO CHANGE IN WING LIFT

This power effect may simply be obtained from:

(ACM)WL-- (AcL)A_ + (AcL)e S (5.48)
1y r’ W
where:
Xw is the distance between aerodynamic center

of the immersed wing and the center of

gravity.
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xW - zcg - 2]./ltc-:w + (Yzi + bc/2) tan A.’./QE (5.49)

See Figure 5.15 for geometry definition.

_bc /2

Figurs 5.15: Geometry of the wing

The increments in 1ift due to power, (ACL) _ and (acy)
Aqw € .
P
may be found from Equations (5.11) and (5.24), respectively.

’

5.2.2.5 PITCHING MOMENT DUE TO EFFECT OF SLIPSTREAM ON NACELLE
For multi-engine installations the effect of the propeller
slipstream on nacelle pitching moments may be calculated with

Equation (5.50)(from Reference 5.2):

N 2 83
(AC“) = - —__:‘,/;'n (e +e)|1+— )dx (5.50)
a 36.5 S,¢ P 3
P Www o
OR: N(e_+¢€ ) Aq
¢,y =|- —E—= (1 + -:-‘-’)fw 23x |57.3 (5.51)
n 36.5 § Cy q n
P W o
where:

sp and €, are obtained from Equations (5.16) and (5.17).
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a3,
e is obtained from Equation (5.12).
q“

2

_/;h dx is a function of the shape of the nacelle

(see Figures 5.16 and 5.18).

Figure 5.16: Shape of nacelle (twin engine)
.

To see if there 1s a general trend in the shape of nacelles,
som: research was done. Distinction was made between turbine engines
and reciprocating engines. The nacelle was divided into five equal
parts, as shown in Figure 5.16. Then the parameter wnzAx was deter-
mined as a function of nacelle length, zn. The results are shown
in Figures 5.17 and 5.19. Also included in this figure are two
straight-line approximations. The equations for the nacelle shape

parameter wnzAx thus found for twin engine aircraft are:
Reciprocating engines:

Turbine engines:

w 20x = -6.84 + 6.90 2 , (5.53)
n n

ORIGINAL BAGE

OF POOR QUALITY
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Figure 5.18: Shape of nacelle (single engine)

For single engine aircraft the following approximation was found:

2.
LA S -28.06 + 16.59 2no (5.54)

5.2.2.6 THE PITCHING MOMENT CONTRIBUTION OF THE HORIZONTAL TAIL

The power-on pitching moment contribution of the horizontal

tail may be obtained from:

L
- H -
c,) = -(é—)(c ) (5.55)
CHH hf W L hf

where:
ln is the distance from c.g. to quarter chord
point of tail mac.
(ELB) is the tail lift based on Sw as a funccion
hf of:
1) Qg - (eu) - (Ae,,) +1H (5.56)

prop off ‘ power

2) and elevator deflection Se

q
3) and :E , the dynamic pressure ratio.
9w

ORIGINAL BAGE 15
OF POOR QUALITY
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The tail-lift coefficient then follows from:

s -

_ 8q
(chﬂ) =C, fay-a ) -;1 1+ =2 (5.57)

heE QH H W q

This concludes the derivation of the equations of the effect of
power on the lift and pitching moment characteristics of single or

multi-engine propeller aircrafc.
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5.3 HAND CALCULATION

This is a hand calculation of the power effect subroutine for
Airplane C. The data are given in Appenaix D.
The computations are for the following flight conditions:

CL = 797

v = 144 ft/sec

ay = 0.105 rad

T = 965 1bs
prop

The following moment coefficients are from Reference 5.2:

* = -.024
¥
Oy

c, = --0%
O

G, = -.02
Op

CMHFN = —-.0143

Following is a step-by-step hand calzulation for Airplane C

for the above flight conditions:

Eqn. 5.2.b: T = ~,105 rad
Eqn. 5.2.a: T;/prop = 0.22
Eqn. 5.2: (ACL) = 0.0461
T

Eqn. 5.3.a: Tc/prop = 0.54
Eqn. 5.7: f = 1.376
Eqno 508: c 1 = 00098

Ty

0

Eqn. 5.4: SFF = 97,847
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C_, actual

y
*0
Eqn. 5.9: cy' Tefereace = 1.192
*0
Eqn. 5.l.e: ¢ = 5.4327
Eqn. 5.10: 3¢, /3a = ~0.189
Eqn. 5.6: (ACL) = 0.00705
RP

Eqn. 5.12: Aq

%
Eqn. 5.16: €s = -0,0331 rad
Egn. 5.23: aeplau = (.2910
Eqn. 5.5: ap = 0.1381 rad
Eqn. 5.17: ep = 0,.0402 rad
Eqn. 5.15: 2 = -1.4564  ft
Eqn. 5.1.m: bi/ptop = 5.2677 £t
Eqn. 5.1.n: S /prop - 28.27643  fi?
Equ. 5.1.p: S, /prop = 28.6178 €2
Eqn. 5.1.q: A1 = (,9696
Eqn. 5.19: Xl = ~3.0406
Eqn. 5.20: Xz = 1,2512
Eqn. 5.22: K1 = (.7521
Eqn. 5.11: (ACL)_ = (.2936

8,
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Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

Eqa.

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

5.25:

5.24:

5.27:

5.26:

5.30:

5.31.a:

5.32.a:

5.32:

5.34.b:

5.34.a:

5.38:

5.33:

5.34:

5.36:

5.35:

5.40:

5.41:

(Au)s

(ACL)
€

(acy)

5.32

-0.0321

-0.1141

1.3353

0.3023

0.0769

0.0769

~-0.801

0.0765

-1.4564

1.1373

6.8668

0.4453

0.3995

0.2555

~-0.0566

-0.2324

-0.0594

-0.0771

0.0075

rad

fc

rad

ft

fr

ft

rad



Eqn. 5.43: K,~- = 0.2424

Aqy
Eqn. 5.47: Emt {1 = 4,8442 ft
Eqn. 5.46: (CM ) = -0.0156
0 not imm.
Eqn. 5.45: (CM ) = ~0.0084
0
1prop off
Eqn. 5.42: (ACM ) = -0.0041
0 Aa"
Eqn. 5.49: xw = 0,775 ft
Eqn. 5.48: (ACH) = -0.0271
WL
2 3
Eqn. 5.52: L Ax = 40.757 ft
Egn. 5.51: (ACM) = -0.00273
ap
= 0.1736

Eqn. 5.55: (_c;;)

5.4 DESCRIPTION OF PROGRAM

A flowchart of the program is shown in Figure 5.20. The integer
variable ENP is used to distinguish between single engine (ENP=1) and
twin eagine airplanes (ENP=2), since the formulas are not always the
same. For the single engine case the dimensions of the immersed area
are calcula‘*:d nsing an approximation for the height of the propeller
slipstream above the boudy X-axis at the wing quarter chord point (Zs).
After the calculation of ZS’ there is a loop back to recalculate the
immersed wing characteristics for the single engine case; this is

only done twice. It is possible to calculate only the effects on
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lift by setting the integer KLTI equal to 1. It is also possible

to include the calculation for C ; 1n this case the computer will

Lvax

return to the calling subroutine when the variable KCLM is set to 2.
In neither of above cases are the effects on moment calculated. Twice
another subroutine is called: subroutine DOWNWS for the calculation
of 3¢/3a and function "SLOPE" for the calculation of wing and tail
plane lift-curve slope.

A listing of the program and a sample output for Airplane C
are shown in figure 5.21. A comparison of computed power effects
for the fuselage-wing-nacelle combination with wind tunnel test

results shown in Figures 5.22, 5.23 and 5.24,

TABLE 5.1 VARIABLES IN SUBROUTINE ''POWER"

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS/DEFAULT
ALPHA ay rad Calling
Subroutine

ALPHLO uo rad Common

W
ALPHT aH rad Common
ALPCH ao rad Common

HT
ALPPR ap rad -——-
ALPT “T rad Common
ALPW aw rad —
AR —— Common
ARI 1 —— ——

ORIGINAL BAGE I

B b ft Common OF POOR QUALITY
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TABLE 5.1 VARIABLES IN SUBROUTINE "POWER" (continued)

NAME ENG. SYMBOL _ DIMENSION ORTGIN REMARKS/DEFAULT
BDO3 (b/p)0.3 - Common .0693
BDO6 (b/D)0.6 --- Common .082
BD0Y (b/D)0.9 --- Common .0682
BIMME by ft -—
BHT bHT ft Common
BL -— -— Common No. of Blades
BLANG 80‘75 deg Common 21.5
CBART ¢y ft -—
CBARW Ew ft Common
CL CL — Common
CLHHF . ) — _—
" hf
CLHSQ «, ) -— -—
S4a/9
CLTOT c --- -—-
Lyor
CMHHF (] e -—
M"hf
CMODQW A(CMO) i -— —
89,
CMOTP (C“o) -— -—
iprop off
CMONI (cMo) - —
area not
immersed
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TABLE 5.1 VARIABLES IN SUBROUTINE

"POWER" (continued)

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS /DEFAULT
cMOW (CM ) —-— Common
0
wprop off
CMOWF (c.) — Common
%
wfprop off
CMOWN (CM ) — Common
0
wnprop off
CMTOT (€, — —
TOT
CMWFN (G — _—
wfn
CNOTJ Chot immersed -
CRCLW (CR) ft Common
CROOTW CR ft Common
CTIPL Cc ft —
t
i
CTIPW Ct ft Common
CYPSA C.’ actual -— -—
Yy
0
CYPSR C.! reference =--- ———
Yy
0
DALPSI (8a)g rad —
i
DCLDQW (ac,) _ -— —
A
9y
DCLEP (ac,) —_— _—
“p
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TABLE 5.1 VARIABLES IN SUBROUTINE '"POWER" (continued)

5.37

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS/DEFAULT
DCLNP (ACL) _— —
NP
DCLMAX (ACL) — —
Max
DCLT (AC.) -— —
L ——
T
DCLWF (ac,) -— _—
WF
DCMNAC {agy) — —
np
DCMNP (ac.) — —
CM NP
DCMT (ACM) —— ——
T
DCMTOT (acy) _— -—
TOT
DCMWL (ac,,) _— ———
WL
DEHP (AeH) rad —
power
_DEPDA de/3a ——— -—-
DEUDA de,/3a -——— —
DPROP D ft Common
AT
DQHQI 2 — —
9%
Az
DQWQI __j'g_ —— —
9%
ELCG ft Common
cg .



TABLE 5.1 VARIABLES IN SUBROUTINE "POWER" (continued)

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS/DEFAULT
ELC4W 2.1 / l“-"w ft Common
ELHT z'u ft Common
ELTH lﬂ ft Common
ENP N —— Common No. of Engines
EPS (eH) rad Common
EPSP € rad —
p
EPSU € rad —
u

EYET iT rad Common
EYEW iw rad Common
FN T 1b Common
FPR f — ——
FWOB bc ft Common
K1 Kl — —

Kz —-— ——
K3 K3 — —_—
KCLM -— — -
KDWQ KAaw —-—— —-—
KNPOW — —— —

, GE Ib
LN 8 ft Common ORIGINAL Q'l? ALITY
OF POOR

LNO L ft Common

nose
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TABLE 5.1 VARIABLES IN SUBROUTINE

"POWER" (continued)

5.39

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS/DEFAULT
- NTYE - -— -
QINF q, lb/ft2 Common
QHQI /4, --- ---
C_, actual
Yy
RATCYP 0 - —
C reference
Y
v 0
2,..4
RHO o 1b sec/ft Common
RPROP RP ft Common
SFF SIF — -—
SHT SH ftz Common
SHTI S ftz ——
. Hi
SLMI A — —-
SLOPE c, rad”! Common
o
SY.OPEH CL :'ad-1 Common
g
2
SPROP S ft ——
prOop
SW S ft2 Common
SWI Si ft2 ——
SWPQC Al/éa rad Common
S.,(T'/prop
SWTRP _V..._c__z__ -— —
8 R
P



TABLE 5.1 VARIABLES IN SUBROUTINE "POWER" (continued)

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS/DEFAULT
TCPRIM IEE%EEZREEE —— —

Q,Sw
TCPROP Thrust/prop — —_

2 2
p*VD
prop

\' \' ft/sec Common
WNDX W nzAx £e3 —
X1 thru X7 Xl thru X7 — —
Xp Xp ft Common
XPP X; ft Common
W XW ft —
YCI Yci ft ——
YT YT ft Common
8 Zs £t _—
A Zy, ft Common
ZT Z.r t Common
ZHT ZH ft Common
ZHHT ZH ft —_—

T
ZHEFF ZH ft —

eff
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‘ START ’

INPUT
DATA

CONPUTE
THRUST AXIS
ANGLE

CONPUTE
THRUST-
COEFFICIENT

i

COMPUTE
THRUST
COMTRIBUTION

COMPUTE
THRUST
COEFFICIENT

i

CONPUTE
PROP. INFLOM
FACTOR :

COMPUTE
S1DE-FORCE
COEFFICIENT

COMPUTE
SIDE-FORCE
FACTOR

9
COMPUTE

S10E-FORCE

FACTOR RATIO

(5.2.0)

(5.2.a)

(5.2)

(5.3.a)

(5.7)

(5.8)

(5.4)

(5.9)

yes

COMPUTE
1st ESTIMATE]
WAKE-HEIGHT

NesNe

COMPUTE
i, JiNG

GEOMETRY (5.1.a-k)

0

COMPUTE
CHORD
1M, WING

e

]

COMPUTE
WING
UPWASH

!

COMPUTE
NORMAL
FORCE

{

COMPUTE
DYNAMIC
PRESSURE

COMPUTE
UPWASH

!

COMPUTE
PROPELLER
DOWNWASH

Figure 5,20: Flowchart of subroutine 'POWER"
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COMPUTE
PROPELLER (5.5) no
ANGL OF
ATTACY.
I yes
COMPUTE
PROPELLER | (5.17) ¢ CONE'ULE‘ gzh}
DOWNMASH HANG
TAIL-OFF (5.c
LIFT (5.2)
COMPUTE
* COMPUTE
s:;:n:n 5.15) correcTion | (5.27)
FACTOR
COMPUTE
CHANGE IN
P (5.26)
LIFT
...32:2‘;’3‘ (5.1.m=q) RETURH COMPUTE
AREAS (5.38) DOWNWASH "DOWNWS'*
r
COMPUTE v
LIFT (5.11) yes .
EFFECT
I ..o
COMPUTE CONPUTE
,,,gt‘;"ﬁﬁ | (5.25) CHANGE IN ::;:;
ATTACK TAlL DownwasH| (3-
COMPUTE
LIFT (5.24) yes
EFFECT
no |
yes COMPUTE
. xs
no

¢ o

Figure 5.20: Continued
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COMPUTE
PITCHING
MOMENT

4&,1

COMPUTE
ZERO LIFT
PITCHING MOM,

PITCHING MOM,

COMPUTE
CHANGE 1IN
ZERO LIFT

COMPUTE
MOMENT
ARN

COMPUTE
CHANGE IN
PITCHING MOM

(5.47)
(5.46)
(5.45)

(5.42)

(5.49)

(5.48)

no

COMPUTE
NACELLE
PARAMETER

IF
( FLAPS N\ Y*S
no
COMPUTE COMPUTE
Xq (5.31.a) X (5.31.b)
6
1
{5.32)
COMPUTE
EFFECTIVE
(5.34.b)
TAIL usfcnt (5-3h-a)
| (5.38)
(5.33)
(5.3h)
COMPUTE (5.36)
TAIL LIFT (5.35)
POWER ON (5.36.a)
(5.36.b)
COMPUTE
PITCHING (5.40)
MOMENT
COMPUTE
PITCHING (5.41) s
MOMENT E
ORIGINAL R1C 11
I' OF POOR Qu.
COMPUTE
CORRECTION (5.43)
FACTOR
COMPUTE
NACELLE
PARAMETER

(s.si)

yes

(5.54%)

COMPUTE
NACELLE
PARAMETER

{5.53)

A rz;&:&ws.zﬁ} Continued
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COMPUTE
CHANGE 1IN (5.51)
ITCHING MOM,

COMPUTE
HOR, TAIL (5.56)
ANGLE OF ATT,

COMPUTE
HOR. TAIL (5.57)
LIFT

COMPUTE
PITCHING {5.55)
MOMENT
HOR. TAIL

TOTAL CHANGE

COMPUTE
JPITCHING MOM.

‘ RETURN ’

Figure 5.20: Continued
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320
330
340
250
360
370
280
390
400
410
420
430
440
450
460
470
480
490

SUBROUTINE POWER (CLTOT,DCMTOT,DEHD,DGHQI,DAWQI,EPS,EPSP)
REAL K1,K2,K3,KHPOW,LN,LNO

INTEGER ENP,NTYE,TEST1
COMMON/WING/DLMC4, AR, SLM,B, CRCLW, CBARW,SW,CLAWP
COMMON/HORZ /DLMC4H , ARH, SLMH, BHT, CBARHT, SHT, CLAHP, CRCLHT
COMMON/FLITE/ALPHA EM,CL
COMMON/GEOM/DIHD,ZW, SAH, XHMAC, ELINC

COMMON/FUS/ELF, DFUS,HC,WC,LN,ELTH, HH, S0, R2I LV, 2V
COMMON/WING2/CROOTW,CTIPW, EYEW
COMMON/PRPLSN/ENP,NTYE, EYET, YT, 2T, FN

COMMON/PROP/BLANG ,BDO3,BD06,8D09,BL, DPROP, XPP, XP
COMMON/SHAPE/MY1,NY1,MC,NC ,ELC4W, DELTLC,ELODT
COMMON/TEST/ILIFT,TEST1,KCLM,KLTI

COMMON/FUS2/ZHHT ,FWOB,ELHT,LNO
COMMON/WEIGHT/ELCG,WEIGHT

COMMON/TRIM/EYEH,CLHT,DELTEL

CCMMON/AERO/RHO, TAS

COMMON/HORT 2/ ALPHLO,ALPOH

ALPT=ALPHA+EYET

QINF=.S*RHO* (V#*2.)

TCPRIM=FN/(GINF*SW)
DCLT=ENP*TCPRIM*SIN(ALPT)
ALPOUT=ALPHA%57.3

WRITE (6,1011) ALPOUT

WRITE (6,1012) TCPRIM

WRITE (6,1015) DCLT
TCPROP=FN/ (RHO* (V%2 ) *(DPROP*%2,))
FPR=.652+1.183%xALOG(TCPROP+1.3)
CYPSR=.013%(BLANG**.657)+(.0125+.00125+%BLANG) *(BL-2.)
SFF=525.%x(BD03+BD06) +270.+BD09
RATCYP=-2,938+.901*ALCG (SFF)

IF (ENP.EQ.2) GOTO 20
I15=ZT-ATAN(ALPHA) *XPP

10 CONTINUE

20
30

N=N+1

BIMME=2.*SQRT (ABS (RPROP**2~(ZS-ZW)**2))
SLMI=CTIPI/CROOTYW
YCI=.333*%(BIMME/2.)*((1,.+2.%SLNI)/(1.4SLMI))
CBARI=.6667*CROOTW*((1.+SLMI+SLMI**2, )/ (1,+SLMI))
SWI=BIMME*CBARI

ARI=BIMME/CBARI

IF (ENP.EQ.1) GOTO 20

CONTINUE
CBARI=CTIPW+(((CRCLW-CTIPW)*(B/2.-YT))/(B/2.))
CONTINUE

DEUDA==.1136*((XPP/CBARI)** (-1 8141))-.027*(AR-4.)
ALPW=ALPHA+EYEW
DCLNP=ENP*FPR*CYPSR*RATCYP*(ALPT~DEUDA* (ALPW-ALPHLO) ) *
B((2.1416*RPROP**2,)/SW)

Figure 5.21: Listing of Subroutine "POWER"



500 WRITE (6,1020) DCLNP

510 DAWQI=(SW*TCPRIM) /(3.1416*(RPROP**2,))

520 EPSU=DEUDA*(ALPW=-ALPHLO)

530 SWTRP=(SW*TCPRIM) /(8. *(RPROP#%2.))

540 CYPSA=CYPSR*RATCYP

550 DEPDA=,.3732+.,1703*ALOG(SWTRP)+(.2115~.0504 *SWTRP) *C YPSA
560 ALPPR=ALPT-DEUDA*(ALPW-ALPHLO)

570 EPSP=DEPDA*ALPPR

580 IF (ENP.EQ.1) GOTO 33

590 BIMME=2.*SQRT(RPROP**2, = (ZS~ZW)*42)
© 600 SWI=BIMME+(CBARI

610 ARI=BIMME/CBARI

620 YCI=YT

630 33  CONTINUE

640 X1=2.6384*(ARI#%2.0312)+(=3.8116+4.2237%ARI-1.6186*(ARI**2,) ) *AR
650 B+(.0418*x(ARI**1,3383))*x(ARX*2,)

460 X2=1.9938+1.2194*ALOG(SWTRP)

670 X3=(X2*(X1+2,))/10.

€80 K1=.9191%EXP (- .3663*%SWTRP) +X3/5

690 DCLDQW=ENP*K1*DQWQI*CL*(SWI/SW)

760 WRITE (6,1025) oCLDQW

710 DALPSI=-(EPSP/(1.-DEUDA))

720 DCLEP=ENP*(1.+DAWQI)*SLOPEADALPSI*(SWI/SW)

730 WRITE (6,1030) DCLEP

740 IF (KLTI.EQ.1) GOTO 140

750 IF (KCLM.EQ.1.0R.KCLM.EQ.2) GOTO 35

760 GOTO 40

770 35  CONTINUE

780 DCLWF=DCLEP+DCLDQW+DCLNP+DCLT

790 K2=1.1854-2.1129%(SWI/SW)+7.604*((SWI/SW)**2,)
300 DCLMAX=K2+DCLWF

810 WRITE (6,1032) K2

820 40  CONTINUE

az0 IF (KCLM.EQ.2) GOTO 140

840C CALL SUBROUTINE DOWNWS (DEPDAL)

850 EPS=DEPDAL*(ALPW-ALPHLO)

360 IF (ENP.EQ.2) GOTOS50

870 X4=( 5376 %EXP(3.9419%EPS) +.4366% ((EPSX57.3) *%1,2345)*SWTRP-
380 8C. 1091 % ((EPSA57.3)*%1,3152) ) * (SWTRP**2))/57.3
290 ZHT=ZHHT-ZT+ATANCEYET)*(XP+ELTH)

900 DEHP=,6*X4+(.8189-.0185*(ABS (ZHT)/(2.*RPROP)) -
910 £.1953%((ABS (ZHT) /(2. *RPROP))**2))

920 IF (ENP.EQ.1) GOTO 90

930 SO CONTINUE

940 IHT=ZHHT-ZT+ATANCEYET ) *(XP+ELTH)

950 X5=(=1.0234+56.01%EPS~.1032%((EPS*57.3)%*2) +
960 2(3.5191=13.8%EPS+.2025%((EPS*57 . 3) *%2) ) *SWTRP-
970 &(.8738*EXP(12.909%EPS) )k (SWTRP**2))/57.3

980 IF (ILIFT.EQ.2.0R.ILIFT.EQ.3.0R.ILIFT.EQ.5.0R.ILIFT.EQ.6) GOTO 60
990 Xé=X5

1000 GOTO 80

1010 60 ~ X6=.5+.889+X5
1020 80  CONTINUE

Figure 5.21: Continued
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1030 DEHP=.6%(.9951+.0419%(ZHT/ (2. *RPROP)) ~.3021%((ZHT/(2.*#RPROP))
1040 Bxx2)) *X6

1050 90  CONTINUE

1060 25=-XPPx(ALPHA-EPSU-EPSP) +2T

1070 IF (N.EQ.2) GOTO 95

1080 IF (ENP.EQ.1) GOTO 10

1090 95 CONTINUE

1100 ZHEFF=2S-ELHT * (ALPHA=-EPSU~EPSP-EPS-DEHP) ~ZHT
1110 SHTI=(((BHT/2.=YT) +SQRT (ABS (RPROF#%2-ZHEFF*%2)))
1120 &/ (BHT/2.))*SHT

1120 X7=(.34+SWTRP) *( .865% (SHTI/SHT))

1140 DQHQI=(1.01-.1438%(ZHEF F/RPROP) =, 3904 ( (ZHEF F/RPROP) %2) ) *X7
1150 KHPOW= (SHT/ SW) *(QHQI +DQHQI)

1160 ALPHT=ALPHA-EPS~DEHP+EYEH

1170 CLHSQ=SLOPEH*(ALPHT-ALPOH)

1180 CLHF=CLHS Q*KHPOW

1190 WRITE (6,1035) CLHF

1200 DCMT=ENP*TCPRIMx (ZT/CBARMW)

1210 WRITE (6,1037)

1229 WRITE (6,1040) DCMT

1230 DCMNP=D CLNP#*(XP/CBARW) /COS (ALPT)

1240 WRITE (6,1045) DCMNP

1250 KDQW=DAWQAI*(SWI/SW)*(CBARI/CBARW)

1250 IF (ENP.EQ.2) GOTO 100

1270 CMOWN=CMOWF

1280 100 CONTINUE

1290 CNOTI=(SW-SWI)/(B-BIMME)

1300 CMONI=CMOW* ( (SW=SWI)/SW)*(CNOTI/CBARW)

1310 CMOIP=CMOWN-CMONI

1320 CMODQW=KDQW*CMOIP

1330 WRITE (6,1050) CMODGW

1340 XW=ELC G- CELC4W+(YCI+FWOB/2.) *ATAN(SWPQC))
1350 DCMWL=-(DCLDQW+DCLEP) *(XW/CBARW)

1360 WRITE (6,1055) DCMWL

1370 IF (ENP.EQ.2) GOTO 110

1380 WNDX=-28.06+16.59*LNO

1290 IF (ENP.EQ.1) GOTO 130

1400 110 CONTINUE

1410 IF (NTYE.EQ.7.OR.NTVE.EQ.2.0R.NTYE.EQ.3) GOTO 120
1420 WNDX=-6.84+6.9%LN

1430 60TO 130

1440 120 WNDX=-3.07+10.51*LN
1450 130 CONTINUE

1460 DCMNAC=-ENP* ((EPSP+EPSU) / (36.5*SW*CBARW) ) (1.+DQWQI ) *WNDX*57.29
1470 WRITE (6,1060) DCMNAC

1480 ALPHTP=ALPHA-EPS-DEHP

1490 CMHHF==(ELTH/CBARW) *CLHF

1500 WRITE (6,1065) CMHHF

Figure 5.21: Continued
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1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1560
1670
1680
1690
1700
1710
1720
1720
1740
1750
1760
1770
1730
1790
1800
1810
1820
1830¢
1840
1850

140
100C
1005
1010
1011
1012
1015
1020
1025
1030
1032
1035
1037
1040
1045
1050
1055
1060
1065
1067
1068
1070
1075
1080

DCMTOT=DCMT+DCMNP+CMODQW+DCMWL+DCMNAC

CLTOT=CL+DCLWF+CLHF
WRITE (6,1067)
WRITE (6,1068) CLTOT

WRITE (6,1070) DCMTOT

CMTOT=CMWFN+DCMTOT+CMHHF

WRITE (6,1075) CMTOT
WRITE (6,1080)
CONTINUE

FORMAT (10X ,''**%* KU-FRL DEVELOPED SUBROUTINE: POWER EFFECTS**x"///)
FORMAT (10X,"-=~TESTRUN FOR AIRPLANE C--="///)
FORMAT (10X,"... EFFECTS ON LIFT ..."//)

FORMAT(10X,"* BODY ANGLE OF ATTACK=
FORMAT(10X,"'* THRUST COEFFICIENT=

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
RETURN
sTOP
END

(10x,"pCLT=
(10X, "DCLNP=
(10x,"dCLDQW=
(10X, "DCLEP=
(10x,"K2=
(10X, "CLHF=

(10X,"DCMT=
(10X, ""DCMNP=
(10X, CMODAW=
(10X%,"DCMWL=
(10X, ""DCMNAC=
(10X, ""CMHHF=

(10x,"CLTOT=
(10X, "DCMTOT=
(10X, CMTOT=

Figure 5.21:

",1F5.1," DEG"//)
",1F4.2/1)
",1F10.4/)

",1F10.4/)
",1F10.4/)
* ,1F10.4/7)
",1F10.4/7)
",1F10.4//1)

(10X,"... EFFECTS ON PITCHING MOMENTS ..."//)

",1F10.5/7)
",1F10.5/)
",1F10.5/)
*,1F10.5/)
",1F10.5/)
",1F10.5//1)

(10X,"... TOTAL EFFECTS OF POWER ..."//)

",1F10.4//)
",1€10.5//)
",1F10.5//7)

(10X, ""%*% END OF SUBROUTINE POWER **x"///)

Continued
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**k KU-FRL DEVELOPED SUBROUTINE: POWER EFFECTSw#=

-==-TESTRUN FOR AIRPLANE C---

«es EFFECTS ON LIFT ...

* BODY ANGLE OF ATTACK=

* THRUST COEFFICIENT=

DCLY=
DCLNP=
DCLDQW=
DCLEP=
K2=
CLHF=

oes EFFECTS ON PITCHING MOMENTS

DCMT=
DCMNP=
CMODQW=
DCMWL=
DCMNAC=
CMHHF=

0.0895
0.0131
0.4881
-0.2232
1.0495
0.0019

-0.07708

0.01415
-0.00125
-0.05738
-0.00784
-0.00567

11.7 DEG

0.22

ees TOTAL EFFECTS OF POWER ...

CLTOT=

DCMTOT=

CMTOT=

**% END

1.6944
-0.12941

-0.14308

Figure 5.21:

OF SUBROUTINE POWER *##*

Continued
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5.5 CONCLUSIONS

A comparison of computer generated data with the handcal-
culation showed that the program worked properly. Figures 5.22
through 5.24 show that the computer program predicts the power-
on characteristics fairly well, No run for the effect on pitching
moment for airplane B was done, however figure 5.23 indicates
that this effect also is fairlv well predicted.

The program also computes the propeller side fnrce derivative,
which is used in the computation of Cns. Comparison with data in

Reference 5.2 shows that this variable is predicted witldin 5 %

accuracy.
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CHAPTER 6

STATIC LONGITUDINAL STABILITY

6.1 INTRODUCTION
This chapter describes the computation of static stability,

CH , static margin, ch/dCL’ and neutral point, for both stick
a

fixed and stick free cases. Power effects are accounted for by
referring to subroutine POWER (Chapter 5). The method is based
on Reference 6.1. The center of gravity location is assumed to

be known.

6.2 DERIVATION OF EQUATIONS

The static stabilitv parameter, cH , may be computed from:
a

dCy
-1
CM (dc) CL (rad 7) (6.1)
a L a
where: CL is the lift-curve slope of the complets
a

airplane, as computed in subroutine
LCSLOPE.
dCy

dCL

is the static margin which may be found

from:

d
u X X (6.2)

The airplane aerodynamic center location, iac' may be obtained

from:

6.1



c

L
= % {58\ de
xm':“B + CL “n(?? xaca (1 - 3:)
< *wB
£ - (6.3)
ACpixed L
|

1+

o e - 8
*vB

Equation (6.3) is for the stick fixed case. For the stick

free case the following equation should be used:

c
L c, T
- T A\ de h E
xacwB + CL 1"ﬂ(?)xacu (1- I;) 1- Ch
% B Se
- 6.4)
acFree cL ch zh
1408 (8 (1 de) - —28
c "m\’s da C,
8
e

The various variables in Equations (6.3) and (6.4) are calcu-
lated as follows:
The 1lift-curve slope of the horizomtal tail angle of

the wing body combination, CL and CL » respectively,

%y *wB

are computed in subroutine "LIFCRV".
The downwash de/da is calculated in subroutine®DOWNWS®

The control-surface parameters Ch R tE and Ch are
a [}

e
computed in subroutine "CONSURF". Section 11.26.
The aerodynamic center of the horizontal tail plane and

of the wing, ia and iacﬁ’ respectively, are defined in

Figure 6.1. They may be computed with reference to Figure

6.2.
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Figure 6.1: Definition of dimensional and non-
dimensional aerodynamic center locations
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To convert the value of X' from Figure 6.2, to the

ac/cR’

nondimensional value X__, use is made of Equation (6.5

¥ = L -

.=k (x ac’C K, ) (6.5)
where Kl and Kz are giveu as:

K, = 1.5 - .1475 A - .625 22 (6.6)
R, = (.09396+.16246 A + .02113 1%) &AL (6.7)

where ALE in rad.

Note: The Equations (6.6) and (6. 7) were obtained from
Figures 3.10 and 3.11 of Reference 6.1 by curve

fitting techniques.

The wing-body aerodynamic center may be computed from:

X =X +4X (6.6)
acm acg

The body-induced aerodynamic center shift Aiac in Equation
B

(6.6) follows from:

= - —dM/da (Body and/or Nacelles, Tailboom)

A xac — (6.7)
B chCL
%
where:
ﬁ-—a—iih w?x) 9% (6.8)
da 36.5 i=1 f i’ da 1 i

The geometric variables in Equation (6.8) are defined

in Figure 6.3.

The downwash ahead of the wing may be found from Figure 6.4.
Note the different curves for different parts of the body

forward of the wing.
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Figure 6.3: Geometric parameters for the computation
of the effect of body or nacelles on a.c. location
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Figure 6,4: Upwash ahead of the wing
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The downwash behind the wing may be found from:

X

dey _(p -4 1

e (-9 ©.9
i

where %& is found from Section 11.3, Equation (11.3.1).

If C $ .08 deg-l, then a correction has to be applied

L
%
to Equation (6.9):
_ ) cLaw .
de de
de, ,(_| ) (—) (6.10)
da da .08
CL CL-.O8
*w %W

This concludes the derivation of equations for the Static Longi-

tudinal Stability.

6.3 HAND CALCULATION

Following is a hand calculation for Airplane C. Data for this

airplane are provided in Appendix C.

A separate checkcut for Function "ACEM" was done to make sure

that this program works properly. Tests were done for three different

wings; data are given in Table 6.1.

TABLE 6.1 WING GEOMETRY (Test Wings for "ACEM")

1 #2 #3
Span (£t) 3%.0 30.0 30.0
Surface (£t?) 206.0  165.0  180.0
Aspect Ratio 5.667  5.45 5.00
Root Chord (ft) 6.0 7.0 10.0
Tip Chord (ft) 6.0 4.0 2.0
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TABLE 6.1 WING GEOMETRY (Test Wings for "ACEM") (continued)

WING # #2 #3
MAC (ft) 6.0 5.65 7.0
Taper Ratio 1.0 .571 .20
L.E. Sweep (deg) 0.0 6.843 43.13
Lat. Pos. AC. 8.5 6.75 5.8

Calculations were done for different Mach numbers for each wing.

The results of these calculations are given in Table 6.2.

TABLE 6.2 RESULTS OF CALCULATIONS FOR "ACEM"

WING #1 #2 #3
MACH .0 .5 .0 .95 .0 .85
8 1.0 .866 1.0 .312 1.0 .527
] cainnw 0.0 0.0 .654 .654 4.685 4.685
Tank, /8 0.0 0.0 .12 .384 .937 1.779
L
X!./Cq .24 .24 .31 .297 .738 .804
X .24 .24 .241 .225 .278 .373
acy

A comparison with the values as computed by the compur v program

is given

in Table 6.3.
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TABLE 6.3 COMPARISON

OF CALCULATIONS FOR "ACEM'"

WING # #2 #3

MACH .0 .5 .0 .95 .0 .85
iacw .24 .24 .261 .225 .278 .373
(Hand calc.)

iacw .267 .267 244 .226 -— .373
(Computer)

X error 11.3 11.3 1.2 bk -— 1.1

From these results it appears that Function "ACEM" works properly.

The hand check for Airplane C was done for the following flight

conditions:

a, = 2.0 (deg)

C. = 0.461

L
M = 0.175

Function "“SLOPE" gives:

c

C

L
@

H

L

W

- 4.495 (rad’))

= 4.653 (rad™})

Subroutine "LIFCRV" then computes:

c

L

[+

WB

= 4.651 (rad’ D)

The downwash is computed in subroutine "DOWNSW" as:

de/da = 0.627

6.9
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Function "ACEM" computes the aerodynamic center positions as:

Xaca = 0.219

Xacw = 0.352

Subroutine 'MULTOP" computes the aerodynamic center shift due

to body as:

AX = -0.038
acB

Assuming a dynamic pressure ratio at the horizontal tail of
g = 1.0
Equation (6.3) then gives:

= 0.305
acFixed

Equation (6.4) gives the aerodynamic center position for the

stick-free case as:

xac = 0.304
Free

In this case the hing-moment data were obtained from Reference

6.2 as:
¢, = .115 (rad™1)
a
C, = -.74 (rad™ 1)
5
TE = 674

The static margin now can be computed according to Equation (6.2)

as:
dCy/dC, = -0.205 (stick fixed)
o ”ﬁxﬁ‘?ﬂ dCy/dC, = ~0.204 (stick free)
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The lift-curve slope of the complete airplane is computed in
subroutine "LIFCRV" as:

c, = 5.183 (rad" 1)

“wBM

Finally, Equation (6.1) computes the static longitudinal stability
as:

CM = =1.061 (rad-l) for the stick-fixed case;
a

or: CM = -1,057 (rad-l) for the stick-free case.
a

6.4 PROGRAM DESCRIPTION

The computation of the Static Longitudinal Stability paramaters
is split into several parts.
1) Function "ACEM" computes the aerodyramic center position
for a given 1ifting surface.
2y  Subroutine "MULTOP" compute; the aerodynamic center shiit
due to body presence.
3) A mainline that performs the computations and calls the
respective subroutines as functions.
Function "ACEM" will be described hereafter. The curves of Figure
6.2 are input as straight lines. The curved sections of the curves
may be ignored, since these parts apply only for high Mach numbers and
high sweep angle combinations. To avoid the problem of the dual nature
of the X-axis, the following conversion can be made:

TanALE -y 8

8 TanALE

(6.11)

All the curves of Figure 6.2 are put in an array DD. An inter-

polation routine is int. mal in Function "ACEM" to compute the aero-
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dynamic center position for given planform parameters.

Subroutine '"MULTOP" is an existing routine that is documented
in Reference 6.3. It pertorms an iteration according to Equation
(6.7). Two variables in the subroutine "MULTCP" need special mention:

the shape parameters NY and MY . They define the shape of the nose
1 1

as seen from above and, therefore, the width cf the fuselage at a

certain station. They are defined and computed in Reference 6.3.

TABLE 6.4 VARIABLES IN SUBROUTINE 'CMALPHA"

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS

ALPHA a rad Common

AR K — Common

ARC -— -— -—

ARH Alﬂ —— Common

B B ft Common

CBARH EH ft -—

CBARW Ew fr ——

CHA Cy rad1 "CONSURF"
Q

CHD Cy rad”t "CONSURF"
)

CL CL ——— Common

CLAH c, rad ™} "SLOPE"
%y

CLAHP C g rad—l Common
%y
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TABLE 6.4 VARIABLES IN SUBROUTINE "CMALPHA" (continued)
NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
CLALPA c, rad~t "LIFCRV"
a
CLAW c, rad ™} "SLOPE"
oW
-1
CLAWB CL rad —-———
*wB
CLAWP Cz ::ad-1 Common
%
-1
CMAFIX Cy rad J—
afix
-1
CMAFR Cy rad —
a
free
CMAFRE Cy rad ! —
a
free
CMCLFI 4G, /dC rad t —
fix
CMCLFR dc, /dc rad * —
free
CMFI -— rad”l -—
CMFIX — rad™} ——
CMFR -— rad’ —
CMFREE - rad ™} —
CRCLW CR ft Common
CRCLWC - ft ——
DCMTOT ac, rad~! "POWER"
tot
DEHP Aep rad "POWER"
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TABLE 6.4 VARIABLES IN SUBROUTINE "CMALPHA" (continued)

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
DEHPA de/dulp -— -
DELTC ——— — ————
DERDAL de/da ——— DO INWS"
DFUS D £ ft Comnon
us
DLMC4 Al/&E deg Common
DIMC4C -——— deg ——
DIMC4H Al / 43}1 deg Common
DQHQI any -— "POWER"
DXACB AX fr "MILTOP"
ac
B
ELC4W 11/42w ft Common
ELF zfus ft Common
ELODT fus/Dfus — Common
ELTH la fr Common
EM M ——— Common
EMC — —— ———
FACT — ——— .-
HC hc fe Common
HH hH ft Common
KSURF —— — ——
LN "nose ft Common
ORIGINAL BAGE 15
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TABLE 6.4 VARIABLES IN SUBROUTINE

"CMALPHA" (continued)

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
MYl MY — Common
1
MC Hc —— Common
NY1 — Common
“Yl
NC Nc - Common
SHT SH ftz Common
SIM A —— Common
SLMH ln — Common
SLMC — —— Common
SW Sw £ tz Common
TE TE — "CONSURF"
QHQI g -—- —
QHWIP nnl -— "POWER"
P
XBARCG X fr Common
cg
XBARFI iac ft ——-
fixed
XBARFR X ft —
ac
free
XBARH X fr ——
ac
H
XBARW iacw fr —
XBARWB X fc —— ORIGINAL BAGE IS
ac,. OF POOR QUALITY
XNAC X fr Common

nac
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‘ START ’

INPUT
DATA

COMPUTE
.c. LOCATION
NQR. TAIL

a.c. LOCATIO

COMPUTE
WING

COMPUTE
L1FT-CURVE
SLOPE H, TAIU

COMPUTE
LIFT-CURVE
SLOPE WIKG

COMPUTE
LIFT=CURVE
SLOPE W.B.

|

COMPUTE
DOWNWASH

COMPUTE
POWER
EFFECTS

COMPUTE
a.c. SHIFT
DUE TO 8ODY

COMPUTE
a.c. LOCATIO
WIiNG-800Y

“ACEM"

VACEM"!

1 ls LOPE' ]

"SLOPE"

(11.2.7)

'lml.

PPOWER"

MULTOP

(6.6)

COMPUTE
a.c. LOCATI
CONT, FIXED

COMPUTE
STATIC MARGH
CONT. FIXED

COMPUTE
STAT, STAS.
CONT, FIXED

COMPUTE
HINGE
MOMENTS

COMPUTE
a.c. LOCATIO
CONT. FREE

STATIC MARG!

COMPUTE
CONT. FREE

{

COMPUTE
STAT. STAB.
CONT. FREE

Figure 6.5:
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(6.3)

(6.2)

(6.1)

“CONSURF™

(6.%)

(6.2)

{6.1)

Flowchart for subroutine ''CMALPHA"



‘ START ’

1T

DATA

COMPUTE
ANGLES,
FACTORS

B<t

i !
1]

COMPUTE
8

| an——

1

COMPUTE
ARRAY

ol +1

INITIALIZE
Ke |
Jeol &1

§ LeJd

no >SSE

L<ss,

ves

=1

it= 11 +1

INITIALIZE
JJ = I: + 1
LI ] ]

Ne=JJ

A>AA(m)

A<AA(n}

COMPUTE

D‘ . 02

COMPUTE

!

t.c. LOCATION

COMPUTE
UNCORRECTED

COMPUTE
CORRECTED
«¢. LOCATION

Pigure 6.5: Continued .
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1CC SUBROUTINE CMALPHA (CMCLFI,CMAFIX, XBARFI,XBARFR,CMCLFR,
20C &CMAFRE)

30 WRITE (6,1000)

20 REAL LN,MY1,NY1,MC,NC

50 COMMON/WING/DLMC4, AR, SLM, B, CRCLW, CBARW, SW,, CLAWP
50 COMMON/HORTAIL/DLMC4H, ARN, SLMH, CBARH, SHT , CLAHP
20 COMMON/FUS/ELF,, DFUS , HC,WC LN, ELTH, HH

80 COMMON/MEIGHT/XBARCG,WEIGHT

90 COMMON/NAC / XNAC

100 COMMON/SHAFE/MY1,NY1,MC ,NC, ELC4W, DELTC , ELODT
110 COMMON/FLITE/ALPHA EM,CL

120 XBARH=ACEM (EM, ARH, SLMH, DLMC4H, CRCLH)

130 XBARW=ACEM (EM.AR, SLM,DLMC4,CRCLW)

140 CLAH=SLOPE (DLMC4H,SLMH, ARH,EM,CLAHP)

150 CLAW=SLOPE (DLMC4,SLM, AR, EM,CLAWP)

160 CLAWB=CLAW(1.~. 25 (DFUS/B) ##2. +.025+DFUS/B)
170 CALL DOWNWS (DEPDAL)

180¢C CALL POWER (DEHP,DQHQI)

190 DEHPA=DEHP/ALPHA

200 DEPDAL=(1.-(DEPDAL+DEHPA))

213 QHQIP=QHQI+DQHQI

220 CALL MULTOP (ELF,DXA(CB)

230 XBARWB=XBARW+DXACB

240 FACT=(CLAH/CLAWB) *QHQIP*(SHT/SW) *DEPD AL

253 XBARFI=(XBARWB+FACT*XBARH)/(1.4+FACT)

260 CMCLFI=XBARCG-XBARFI

270 CLALPA=CLAWB+CLAH*QHQIPA(SHT/SW)*DEPDAL

280 CMAFI=CMCLFI*CLALPA

290 CMFI=CMAFI*ALPHA

300 CMFIX=CMFI+DCMTOT

310 CMAFIX=CMFIX/ALPHA

320 IF (KSURF.EQ.1) GOTO SO

330C CALL CONSURF (CHATE,CHDE)

340 S0 XBARFR=(XBARWB+FACT*XBARH*(1.-CHAXTE/CHD))/
350 BC1.+FACT*(1.-CHAXTE/CHD))

360 CMCLFR=XBARCG-XBARFR

370 CMAFR=CMCLFR*CLALPA

330 CMFR=CMAFR*ALPHA

390 CMFREE=CMFR+DCMTOT

400 CMAFRE=CMFREE/ALPHA

410 WRITE (6,1050) XBARFI

420 1050 FORMAT C10X,"XBARFI = " 1£10.5)
430 WRITE (6,1060) CMCLFI

440 1060 FORMAT C10X,"CMCLFI = " 1F10.5)
450 WRITE (6,1070) CMAFIX

460 1070 FORMAT (10X,"CMAFIX = ",1F10.5)
470 WRITE (6,1080) XBARFR

480 1080 FORMAT (10X,"XBARFR = ",1F10.5)
490 WRITE (6,1090) CMCLFR

500 1090 FORMAT ¢10X,"CMCLFR = ",1F10.5)
510 WRITE (6,1100) CMAFRE

520 1100 FORMAT C10X,"CMAFRE = " 1£10.5)
530 333 CONTINUE ORIGBNAL BAGE I
540 RETURN OF POOR QUALITY
550 END T

Figure 6,5: Listing of subroutine "'CMALPHA"
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10 FUNCTION ACEM (EMC,ARC,SLMC,DLMC4C,CRCLWC)
20 REAL K1,K2

30  RLMC4C=DLMC4Cx.01745

40  SWPLE=ATANCSINCRLMC4C)/COS (RLMCAC)+(1./ARC)*((1.~SLMC) /(1. 4SLMC)))
50  SWPLL=SWPLE

60  DIMENSION DD(6,7),AA(7),55(6)

70  DATA AA(1),AA(2),AA(3),AA(4),AA(5),AA(6) ,AACT)
80 &/0.,1.,2.,3.,4.,5.,6./,55(1),55(2),55(3),55(4),
90  &$5(5),S5(6)/0.,.2,.25,.33,.5,1.0/
100  BETAM=SQRT(1.-EMC**2.)

110 TSWPLE=(SIN(SWPLL))/(COS (SWPLL))
120 A=ARCHTSWPLE

130  B=TSWPLE/BETAM

140  IF(B.LE.1.)G0 TO 1

150  C=BETAM/TSWPLE

160  B=2.0~C

170 1 0D(1,1)=.1726-.0645+8

1830 ©D(1,2)=.253-.03114B

190  DD(1,3)=.335

200  DD(1,4)=.4217+.0274*8

210 DD(1,5)=.5042+.0594*8

220 DD(1,6)=.5858+.0889+8

230  0D(1,7)=.6814+.0929+8

240  0D(2,1)=.1586-.08+8

250  "D(2,2)=.2862-.035+B

260 ©D(2,3)=.407

270 ©0D(2,4)=.518+.0313*8

280  DD(2,5)=.639+.055+8

290  DD(2,6)=.745+.0718+B

300 DD(2,7)=.8634+.07354B

310 DD(3,1)=.1784~.0752#8

320 DD(3,2)=.299-.032548

320 DD(3,3)=.4159+.00848

340 DD(3,4)=.5409+.0368+8

350  DD(3,5)=.6683+.054*8

260  DD(3,6)=.7938+.065*8

370 DD(3,7)=.9313+.06254B

380  DD(4,1)=.1823-.0844+B

390  DD(4,2)=.325-.0406%B

400 DD(4,3)=.4603~.0061+8

410 DD(4,4)=.5904-.029+B

420 DD(4,5)=.7287+.0464#8

430 DD(4,6)=.8821+.0641+8

440 DD(4,7)=1.0344+.0467948

450  DD(5,1)=.1939-.0757+8

460  DD(5,2)=.358-.0364*B

470  DD(5,3)=.5275-.0094*8

480  DD(5,4)=.6944+.0183#8

490  DD(5,5)=.8772+.0214*8

500  DD(5,6)=1.0346+.032+8

510  DD(5,7)=1.1856+.0483+8

520 DD(6,1)=.2675-.1001+8

Figure 6.6: continued
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550 pD(6,2)=.5118-.0648+B
540 DD(6,3)=,7609-.0238+B
550 pD(6,4)=1.0

560 0D(6,5)=1.2456-.0028+8
570 DD(6,6)=1.4989~-.011+B
580 DD(6,7)=1.7449-.0195+B
590 Do 2 1=1,5

600 K=t

610 J=I+1

620 L=J

630 IF(SLMC.GE.SS(K) .AND,SLMC,LE.SS(L))GO TO 3
640 2 CONTINUE

650 3 00 4 II=1,6

660 JJ=I1+1

670 M=11

630 N=JJ

650 IF(A.GE.AACM) .AND.A.LE.AA(N))GC TO S
700 4 CONTINUE

710 S D1=DD(K,N)=(AAC(N)~A)*(DD (K,N)-DD(K,M))

720 D2=DD(L,N)=CAACN)-A)* (DD (L, N)-DD(L,M))

724 D=D2-(SS(L)=SLMC)*{(D2-D1)/(SS(L)-S5(K))

740 XPACW=D*CRCLWC

TS0 IF (SLMC.GE..3) K1=-=_571%(SLMC-2.751)

760 K1=1.5-.1475%SLMC~-. 625 ¥SLMC*%2

770 K2=(.09396+.16246%SLMC+.021134SLMCx*2) *ARCASWPLE
780 ACEM=K1*(D-K2)

790 RETURN

200 END

10 SUBROUTINE MULTOP (LHNEW,DXACB)

2u COMMON/WING/DLMC4 ,AR,SLM,B,CRCLW,CBARN ,SW, CLAWP

3C COMMON/AEROQ/EM,RHO, TAS

40 COMMON/FUS/ELF,DFUS ,HC ,WC, LN, ELTH,HH

50 COMMON/NAC/XNAC

60 COMMON/SHAPE/MY1,NY1,MC,NC_ELC4W, DELTLC ,ELODT

70 POLY(X,C,C1,C2,C3,C4)=C+CIX+C2xXxx2 , +CIAXNRT +CL4XA%4
80 REAL LN,NY1,MY1,LT,ELF,LCOLD,LCNEW,NC, MC,LH, LHNEW

90 DATA €O,C1,C2,C3,04 /1.90,-1.6958,1.5759,-0.7292,0.1302/
100 DATA 00,01,02,03,04/6.2503,-23.0908,60.3553,-78.4540,38.2895/
110 CLAWM=SLOPE (DLMC4,SLM,AR, EN, CLAWP)

120 QBAR=,5*RHO*TAS %2

130 XLE = ELC4W - (CRCLW/4.)

140 CRF = WC*xCRCLWx(SLM-1.)/B +CRCLW

150 DXI = XLE/S.

160 SUM = 0.

170 po 100 1=1,5

180 XI = XLE « (DXI*0.5)= DXI*(I-1)

190 IF(XILLEL(XLE-LN)) GO 19 10

200 WFI = WCA((1,~CCCLN+XI=XLE)/LN)*xNY1)) %% (1./MY1))

210 GO TO 20

220 10 WFI = WC

230 IF(I.LT.5)GO0 TO 20

240 WFI = WC+XNAC

250 20 XCF = XI/CRF

260 DEDA = POLY(XCF,C0,C1,C2,C3,C4)

Figure 6.6: continued
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270
280
290
300
310
320
330
340
350
360
370
380
290
400
410
420
430
440
450
460
470
480
490

100

30
40

200

IF(I.GT.4) DEDA = POLY(XCF,DO,D1,02,03,04)
DEDAI = DEDA*CLAWM/0.08

SUM = SUM + (DXI*WFI*WFI*DEDAI)
LT = ELF + DELTLC ~ XLE - CRF
DXL = LT/S

LCNEW = ELODT * HC

D0 200 1=1,5

XI = DXI*(I-1)+(0.5*DXI)
IF(XI.LE.(LT-LCNEW)) GO TO 30
WFI = WCx((T.=CCCLCNEW+XI=LT)/LCNEWI **NC))**(1,./MC))

GO TO 40
WFI = WC
LH = LHNEW-CRF+,25%CBARW+((B/6.)*(1.+42.%#SLM)/(1.+5LM)-WC/2.)

RLMC4=DLMC4*.01745

SWPLE=ATAN(SIN(RLMC4)/COS(RLMC4) +(1./AR)*((1.-SLM)/(1.45LM)))
**SIN(SWPLE)/COS (SWPLE)

CALL DOWNWS (DEPDAL)

DEDAI = (1.-DEPDAL)*XI/LH

SUM = SUM + (DXI*WFI*WFI*DEDAI)

DMDA = (QBAR/36.5)*SUM

DXACEB = -1.+DMDA/ (QBAR*CBARWASW*CLAWM)

RETURN

END

-0 .

Figure 6.6: Continued
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Figure 6.7: Comparison of predicted airplane pitching moments

with Titerature
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A flowchart of the program is given in Figure 6.5*. A listing
and a sample output are given in Figure 6.6.

To check the validity of the program, acomparison was made
with test data of Reference 6.2. The results are reproduced in
Figure 6.7 for the stick-fixed case. To compute the moment about
XCG = .103, use was made of the following equation:

G = Gy + Gy
where CMO was found from Reference 6.2 as CMO = .04.

As may be seen from Figure 6.7, the program works quite well,

6.5 REFERENCES
g.l Roskam, J. Methods for Estimating Stability and
Control Derivatives of Conventional
Subsonic Aircraft (Roskam Aviation
and Engineering Corp., Lawrence, Ks.)
6.2 Fink, M. P. &
Freeman, D. C. Full Scale Windtunnel Investigation
of Static Longitudinal and Lateral
Characteristics of Light Twin Engine
Airplanes (NASA TN D-4983)
6.3 Wyatt, R. D.,
Griswold, D. A.,
& Hammer, J. L. A Study of Commuter Airplane Design

Optimization (KU~-FRL 313-4/1977)

*
Note: A flowchart of Subroutine '"MULTOP" may be found in Reference 6.3.
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CHAPTER 7

DIRECTIONAL STABILITY

7.1 INTRODUCTION

Generally it is quite difficult to calculate the lateral-directional
aerodynamic characteristics. The vertical tail plane is the dominant
factor and this surface is situated in a complex asymmetrical flow field
behind the wing/fuselage combination, .This chapter will describe some of
the criteria important for the preliminary design phase. Also it will des-

cribe some of the methods available for computation.

‘7.2 DISCUSSION OF DESIGN CRITERIA

The primary preliminary design criteria for the vertical tail are the
following:

1) The aircraft must possess positive directional static stability
and the short-period later/directional oscillation must be
well damped.

2) After failure of the critical engine, the aircraft must remain
controllable, in the case of multi-engine aircraft.

To assure compliance with criterium 1), an adequate value for Cne, the
static directional stability parameter has to be provided. For single~engine
subsonic airplanes the value for Cn is often found to lie between .04 and

B
.10 (Ref. 7.1). A method for the estimation of the parameter Cn is discussed

8
in secition 11.16.
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To comply with criterium 2), the vertical tail has to be able to
produce a certain minimum sideforce Cyv to counteract the disturbing
yawing moment of a stopped engine. In this case also the control-surface
({.e. rudder) parameters are important. A discussion of a method to compute

these parameters is given in section 11.25 as well as in 11.,14. A method

to derive the minimum control speed, VMC’ is given in secticn 8,

7.3 REFERENCES
7.1 Torenbeek, E. Synthesis of Subsonic Airplane Design,

Delft University Press, Delft, The Netherlands.
1936.
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CHAPTER 8

VMC ROUTINE

8.1 INTRODUCTION

VME will be defined in this chapter as the minimum speed at which level
or slightly climbing flight is maintained with one engine out and the remaining
engine at maximum thrust, in a steady state flight condition.

The GASP program in its original form does not check for V. Three

MC*
methods for determining VMo were evaluated for inclusion into GASP: the method
of Torenbeek (Ref. 8.2), and single~degree-~of-freedom and three-degree-of-freedom
methods from Ref. 8.1.

The method of Torenbeek was found to be similar to the first method from
Ref. 8.1. Hand calculations and computer golutions for the methods of Ref. 8.1

are presented in the following sections.

8.2 SINGLE~-DEGREE~OF-FREEDOM APPROXIMATION

From Ref. 8.1, p. 5.37, the moment equation about the aircraft Z axis

is given by:

Ny
cn B+Cn 5R+:—--0
8 1 q5b (8.1)
-NT
..c 8——
n -
“eR (8.2)

To check the roll axis, the maximum sideslip angle reached if the pilot

does nothing is given by:

-N
Brax = I
¢ gsb
R | (8.3)

and the aileron deflection required for this condition is given
by:
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Ls (8.4)

A HP-25 routine was written to allow a fast check calculation. A list
of this routine is inéludgd as Table B.i. The routine finds rudder deflection
as a function of flight speed V; V i3 incremented by 0.5 mph after each
iteration. The airplane used for a check case was a Piper Aztec. Input values
and results are listed below. Input values are taken from Ref. 8.3, Runs were
made for two values of sideslip angle, 0 deg. and 5 deg. (in a helpful diraction).
Bank angle is not taken into account by this method.

Results by this method appear to be quite high. Maximum rudder deflection
for the Aztec is 22 degrees, yielding a VMC of about 103 mph aF 8 = 5°, This
is 1.5 (Vv

much higher than the 1.2 V requirement. From Ref. 8.4,

Stall)? Stall

VMC for the Aztec E, a later 250 hp version, is 80.6 mph. This large a prediction
error is unacceptable for preliminary design, leading to the use of ‘the three-
degree~of~freedom method.

8.3 THREE-DEGREE-OF-FREEDOM METHOD

From Ref. 8.1, p. 5.38, if a fixed bank angle is assumed, the three
remaining variables are 8, GA, and GR; these may be found by the fqllowing
equations: 8.5, 8.6 and 8.7,

Examining these equations, it is seen that in addition to the stability
derivatives of the delta matrix, the necessary input variables are: weight,
flight path angle y, bank angle ¢1, wing span and area, dynamic pressure ;.
rolling moment due to thrust LTl, and yawing moment due to thrust NTI.

Bank angle ¢ is the independent variable. Yawing moment due to thrust,
NTI. is found by adding the thrust of the remaining engine to the drag of the
feathered propeller and multiplying by the engine moment arm, which is the

lateral distance from the c.g. Rolling moment due to thrust is a function of
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the thrust inclination angle and the aircraft angle of attack; at the angles
of attack typical of low speed flight, the components of asymmetrical thrust
and drag in the Z direction produce an appreciable rolling moment, in a
direction which requires more aileron deflection'and increases VHC' An
additional rolling moment is produced by lift due to the slipatream for
propeller aircraft. Flight path angle is found from the engine-out maximum
rate of climb from GASP at an assumed forward speed of 1.2 vStall; this

approximation should be reasonable for most aircraft.

8.4 COMPUTER ROUTINE

Fig. 8.1 {llustrates the variable definitions for vMC'

Fig. 8.2 is a flowchart of the subroutine in the checkout state. Variables
listed under "Input" are input interactively for checkout purposes.

Referring to Fig. 8.2, the delta matrix and flight path angle are computed
first because they are used in the computational loop which follows. Asymmetrical
drag due to the failed engine is calculated for a propeller, turbojet, or
turbofan. Thrust and drag are used to find the yawing moment. In the propeller
case the POWER subroutine is called and returns a value for the additionmal 1lift
due to the slipstream of the operating engine. The thrust rolling moment is
then computed. Rudder deflection is computed and compared with the meximum;
if the defleciion is too great, the routine returns to Step 10 and increases
forward speed by 0.2 fps. After the rudder deflection is brought down to the
maximum, aileron deflection is checked in a similar manner.

The routine assumes a symmetrical aircraft; i.e., no critical engine.
Inclusion of engine rotation direction and P-factor was considered unnecessarily
couplex for this program; in addition, the difference in VMC due to torque and

P-factor would usually be within the error due to other factors. A listing of

the subroutine is included as Fig. 8.3. A variable list is included in Table 8.2.
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Figure 8.1 L Variable Geometric Definitions

1 START ’

INPUT
DATA

COMPUTE

‘ OF POOR QUALITY

COMPUTE
CLIMS
ANGLE

©

Figure 8.2: Flowchart for subroutine "'VMCY
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INITIALIZE

Ve .6V
L
INCREMENT
VeV+0,2
7
4
COMPUTE
COMPUTE
PROPELLER TURBOFAN
ORAG ORAG
ConPUTE COMPUTE
COMPUTE COMPUTE
SLIPSTREAM | "POWER" TY
EFFECT
COMPUTE
n
COMPUTE
R13, R23,R33
COMPUTE
RUDDER (8.7
MATRIX
-

Yigure 8.2:

8.6

SET

COMPUTE
AILERON
MATRIX

IF
6A>6Amu

yes

no

COMPUTE
SI10E-SLIP
MATRIX

(8.6)
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10

-
i

3C
40
S0

70
80
90
100
110
120
120
140
150
160
170
120
190
200
210
21s
216
217
218
220
230

250

260

265

270

280

285

286

290

320 10
130

331

332

334 12
335

336

337

340 13
350
351¢C
360

380
390
400
410
420

REAL NP MAYATL
PRINT:"CYE, (LR Cpe"
READ: Cy2,CLE,CME
PRINT:"CYDA,CLDA , CNDA*
READ: CYDA,CLDA,CNDA
PRINT:"CYDR,CLOR,CNDR™
READ:CYDR,CLDR,CNDR
PRINT:"VSTALL IN FPS.,CLALPHA IN RAD-1"
READ: VSTALL,CLALPH

PRINT:"WING AREA, WING SOPAN_ENG.SPAN/WING SPAN"
READ: SV, EY,BENGOS

PRINT:"PRCP. EFF., MAX. HP. ONE ENG.,MAX. THRUST"
READ: NP, HPMSLS,THIN

PRINT:"MAX. RUDDER DEFL., MAX.AIL. DEFL. IN DEG.”
READ: RUDDRM_MAXAIL

PRINT: "GROSS WEIGHT, CONE ENGINE CLIMB RATE"
READ:WG,RC3

PRINT: “BANK ANGLE DEG."

READ: BANK

PRINT:"PROP. DIAM, IM FT, NUMBSER OF BLADES,THRUST INCL. ANGLE IN DEG"
READ: OPROP,BL,THRANG

PRINT:"1F JET ENGINE,ENTER 7,CTHERWISE ENTER 2"
READ:NTYP

PRINT:"AVERAGE MACELLE DIA."

READ:DBARN

DENSIT = 0.0023769

£TY=0.0

RUDDRM=RUDDRM/S?7.3

MAXAIL=MAXAIL/S7.2

BANK = BANK/57.3

THRANG=THRANG/S7.3

DELTA =CYB*CLDA*CNDR+CYDAxCLDR*CNB+CYDR*CLB2CNDA
E-CNBxCLDA2CYDR-CNDAXCLOR+#CYB-CNDR2CLB~CYDA
ARG=(RC3%0.167)/7(1.76*VSTALL)

GAMMA=ATAN(ARG)

V = D.6»VSTALL

V=V +0.2

QBAR=0.5*DENSITwy#r2

ALPHA=WG/ (QBAR*SWaCLALPH)

IF{NTYP.LT.S)GO TO 13

FANDR=0,3722+DBARN**2+QBAR
NT1=(BENGOB»BW*(0.5)*(THIN+FANDR)
LT1=SIN(THRANG+ALPHA)ANT1

GO TO 14

PROPDR = QBAR*(_.00125*BL*DPROPA%2

NT1 = (BENGOB*BW#(0.5)*(HPMSLSANP2550,.0/V + PROPDR)
CALL POWER(SLIFT)

LT1= NTT#SINCALPHA+THRANG) +SLIFT*BENGCE2BW2(.S
R13=~(WG*SIN(BANK)*COS (GAMMA) + FTY)/(QBAR*SW)
R23 = =LT1/(QBAR*SW*EW)

R33 = =(NT1)/(QBAR*SW=»BW)

DRUDDR= (CYE*CLDA*R33+CYDA*RZS*CNB+R1’*CLB*CNDA
E-CNB*CLDA#R13-CNOA#R23 L YB-RXX+LLB*CYDA) /DELTA
R=DRUDDRADELTA

Figure 8.3: Listing of subroutine "VMC"
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440 1S  FCRMAT(7(F10,.4,5X))

450 IF(ASS (DRUDDF) .GT .RUDDRMIGC TC 10

460 VMC=y

47C DAILER = (CYB*R2X*CNDR+R13#CLOR#CNB+CYDRACLE*RI2
420 2-CNB*R2I#CYDR=RIZ*CLOR*CYR-CNDR*CLE*R13) /DELTA
450 IF(ARS (DAILER) .GT.MAXAIL)GC TC 10

5CO BETA =(R13*CLOA*CNDR+CYDA*CLOR*RI3~-RI3#CLDA*CYDR
510 2-CNDA#*CLDR*R13-CNDR#R2I*CYDA) /DELTA

520 VMC = vMCx(,6818

S30 DAILER=DAILER*57.2

540 BETA =BETA»57.3

550 WRITE(6,20)VMC, DAILER,BETA

560 20 FCRMAT(/,'VMC = °,F8.2,2X,'MPH',//,*AILERCN DEFLECTION = ',F2.2,
570 82X, 'DEG',//,'BETA = ' FR.2,2X,'DEG.')

575 STOP

s&0 END _
WHD = 29.13  MFh
FILERCMN DEFLECTIOM =  =13.87 IES
EETR = ~T.44  [LEG,

Figure 8.3: Contiaued

TABLE 8.1 HP-25 ROUTINE FOR SINGLE DEGREE OF FREEDOM vHC

1 R/S 25 RCLI

2 STO1 26 :

3 R/S 27 CHS

Iy $T02 28 RCL2

S R/S 29 cHs

6 §T03 30 +

7 R/S Nn RCL3

8 + 32 t

9 R/S 33 $T06

10 3b f PAUSE
1 ! 35 RCLO

12 ‘ 36 .

13 o 37 6

14 0 38 8

15 x 39 2

16 R/S 40 x

7 * M f PAUSE
1 §705 2 f PAUSE
19 RELS " i

20 RCLO A .

21 + 'S 3

22 3 ™ 3

23 £y M7 §T0+0
2 * W 61019
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rable 8.2 VMC Variable List

VMC Variable Symbol Description

ALPHA

BANK

BENGOB

BETA

BL

BW

CLALPH
cL8
CLDA

CLOR

CNB

CNDA
CNDR

cys

CYDA
CYDR

DAILER

Units Type, Origin
Angle of Attack rad internal
Bank Angle deg. input
Engine Span over Wing - Input, Common
Span
Sideslip Angle rad, deg. Output
Number of propeller - {nput, Common
blades
Wing span ft. input, Common
Lift-Curve Slope rad ! Input
Rolling Moment due to rad ! input
Sideslip
Rolling Moment due to rad 1’ lnput
Aileron Deflection
Rolling Moment due to rad ! Input
Rudder Deflection
Yawing Moment due to rad ! Input
Sideslip
Yawing Moment due to rad ! Input
Aileron
Yawing Moment due to rad ! Input
Rudder
Side Force Coefficient rad ! Input
due to Sideslip
Side Force Coefficient rad ! input
due to Aileron
Side Force Coefficient rad ! Input
due to Rudder
Aileron Deflection rad, deg. Output
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Table 8.2 VMC Variable List (continued)

VMC Variable Symbol Description Units Type, Origin
DBARN BNAC Mean Nacelle Diameter ft Input, Common
DELTA A Determinant of Delta - Internal
matrix
DENSIT o Air density slugs/ft3 Internal
OPROP Dp Propeller Diameter ft Input, Common
DRUDOR SR Rudder Deflection rad, deg. Internal
FANDR - Drag of Windmilling 1b Internal
turbofan
GAMMA Y Flight Path Angle rad Internal
HPMSLS HP Maximum sea-level hp Input, Common
max
horsepower
LM LT Thrust Rolling Moment ft 1b Internal
1
MAXAIL GA Maximum Aileron deg input
max Deflection
NP np Propeller Efficiency - Input
NT1 NT Yawing Moment due to ft 1b internal
1 Thrust
NTYE - GASP Engine type - Common
indicator
NTYP - GASP Propulsor type - Common
indicator
PROPDR - Drag of feathered pro- 1b internal
peller
R13,R23,R33 - Matrix elements - Internal
RC3 - Engine-0Out Rate of ft /min Input, Common
Climb
SwW Sw Wing Area ft2 Input, Common
THRANG - Thrust inclination angle Common
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Table 8.2 VMC Variable List (continued)

Units

VMC Va iable e Symbol Description Type, Origin

v Vv Velocity ft/sec Internal

VMC VMc Minimum engine-out ft/sec, mph Output
control speed

VSTALL Vs Stall speed ft/sec {nput

WG VG Gross Weight 1bs. input, Common

8.5 HAND CALCULATION

With the aid of an HP 25 calculator a handcalculation was done for
airplane C. See Appendix C for a threeview and data. Table 8.3 shows the
results of the calculation. Comparison with the computer-run indicated

perfect agreement.

TABLE 8.3 RESULTS HANDCALCULATION

o Cnles M3 37 38 35 2.0 %7 2
=0
VMC mph | 89.1 91.8 93.6 95.7 100.4 103.1 110.0
6 ° 6R deg | 38.0 36.6 32,0 29.2 26,7 22.3 21.5
-S )
Vue mph | 88,0 89,0 92,5 95.0 97.5 102.5 103.5

8.6 RESULTS

Check=-runs were made for airplanes A, C and H for various bankzagles,
The results are shown in Table 8.4, Also a comparison was made with avai-
lable testdata, again sée Table 8.4, Figure 8.4 shows the dependency of
vV

Me °0 bankangle, the data used were for airplane H, It may be concluded

that VMC is computed with reasonable accuracy.
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TABLE 8.4 RESULTS COMPUTER=-RUNS
Airplane A c H
Subr. ‘'VMC! 103.5 83.9 94,2
Vuge meh .
' Testdata ~—- 80.6 97.8

8.7
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Figure 8.4: Minimum Speed V. as a Function of Bank Angle
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CHAPTER 9

ROTATION SPEED

9.1 INTRODUCTION

The speed at which the aircraft rotates at takeoff, V_, is

R’
calculated using a method from Reference 9.1. This method was
originally developed by Perry (Ref. 9.2) and is based on a constant
rate of pitch-up after lift-off. The advantage of the method is
that it is representative of piloting techniques used in civil
aviation since pitch angle can be directly observed, contrary

to 1ift coefficient. The equations of motion are linearized by

assuming V = constant and (T -~ 0) = constant.

9.2 DERIVATION OF EQUATIONS

There are certain criteria concerning the speed during tﬁe
takeoff (Ref. 9.3). The most important are the following:
. VR The rotation speed i{s the speed at

which the pilot raises the nose wheel.

. Rz Where V, is the decision speed.
e Vg2 I'OSVMCG Where Vce 18 the minimum speed for

control during engine out cases.
. VR Should be chosen such that V2 is
reached at 35 ft, taking into account

the speed increment, AV, between VR

and Vl.

L] Vz-l.zvs

vS is the l-g stall speed.

. VLOF Is the speed at which the landing gear

leaves the ground.
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VLOFf-l'lvMU All engines or:

Viors l.OSVMU For engine out conditions, where
VMU is the minimum unstick speed,

or the minimum speed at which the air-

craft is still controllable when it

leaves the ground.

For low T/W ratios, V_ and VLOF may be increased to ensure positive

R
climb gradient.

Figure 9.1 shows a schematic diagram of the takeoff.

o )
Vror vx‘.or \J)
:-.. av et AV '5—‘
B o
A :|
| B 1
5 &3 £l
=Y $l 3 ©“
2 £ gl L1,
§‘ et l 35
h, 4
Gl(d m ‘ //////{//,T'////////////g/////
H
| S ' s l s -|
L e | LF [ 1 ] )

Figure 9.1: Take-off parameters,

9.2.1 ROTATION PHASE

Assuming that the acceleration along the X-axis during the
rotation phase is equal to the value at 1lift-off and assuming a

mean rate of rotation about the Y-axis (d@ /dt)R, it may be found

9.2



for the rotation distance:

[+ § -Qa
LOF
Sa ™ 1/2 (VR + VLOF) (do dt)R 9.1)

where: 0F= The angle of attack at which lift-off

‘L
occurs; this follows from the CL -a

curve in ground effect.

The speed at 1ift-off may be calculated as follows:

-, LoFT’g

v = V. +A.V = V_+g{
W oF (de/dt)R

LOF R 71 R

(9.2)

The rotation rate (dS/dt)R.depends mainly on elevator power and
moment of inertia about the Y-axis. As an average value 4.6 deg/sec

may be taken (Ref. 9.1).

9.2.2 AIRBORNE PHASE

The speed increment froﬁ 1ift~-off speed to the speed at 35"
may be obtained from the energy equation:

8S1or * S1) 1-p 35
av = v S -5
LOF wor ¥ 51

(9.3)

The #”’tborne distance is composed of two phases:
. A flare-up, the flight path angle increases from zero
during the ground run to Yz at V2.
. A phase with constant climb angle Yz’
The calculations for this part of the takeoff are based on Perry's
method (Ref. 9.2). Perry based his method on numerous observations
of takeoffs concerning light as well as heavy aircraft, From these

observations functions were derived that describe the path of the

aircraft after lift-off. Using these functions, it is possible to
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calculate the gain in height and the flight path angle during
flare-up.
The gain in height after lift-off is given by:
2

v
IOF T -D *
h r T F(8) F(h) (9.4)
where: v
2N - LOF W do. "
F(8) = 1 + ~g T-D "a (dt)A (9.5)
dc
n = ~Llda (9.6)
a CL
Lor

F(h) 1is a non-dimensional function of height;
may be determined from Figure 9,2.
The rotation rate during flare-up may be approximated by using a
value of (deldt)A of 2-3°/sec for the engine failure case and
5°/sec for the all-engine case.
The climb-angle during flare-up is given by:

y =8 .I=256) r(y) (9.7)

vwhere: F(y) 1is a nor-dimensional flight-path
angle function depicted in Figure 9.2,

The end of the flare-up 1is reached when y = Yy (for the engine out
case) or y = Yy (for the all~engine case).

It should be noted that YZ can only be calculated when V2
is known. Also, the functions F(h) and F(y) are a function of
the distance traveled after lift-off. The calculations are therefore
iterative.

By using Hp 65 curve fitting routines, the following set of

formulas was found to fit the curves in Figure 9,2:



F(h) = (-.01867 - .02682 X, +.21233 xfz) +

+ {(3 - nu) (.0023 + .0543[xf - 5D} (9.8)
F(Y) = (~.09813 + .56022 X, - .06661 X,%) +
+{(3 = n,) (.009 + .0468 [X, ~ .4])) (9.9)
h H )
where X = 3——% (9.10)
v
LOF

and s is the total distance from lift-off.
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9.3 PROGRAM DESCRIPTION

A flowchart of the program is shown in Figure 9.3. Figure 9.4
depicts the listing of the program. Included is a sample output
for the airplane A. Table 9.1 defines the variables.

The lift-off speed is set slightly below the stall speed. The
rotation rates (de/dt)R and (dB/dt)A have default values .08 rad/sec
and .04 rad/sec, respectively. Since these parameters are of prime
importance for the rest of the calculations, they can be set at any
other value that suits more closely the configuration considered.

(A routine that calculates these parameters as a function of inertia
along the Y-axis and elevator control power may be useful,) The
lift-off speed is incremented by 2.5 ft/sec. The lift-coetficient at
this value of 1ift-off speed is calculated, using an increment in
normal acceleration of .05 ft/secz. If this value of the lift
coefficient is greater than the maximum 1lift coefficient (without
ground-effect), the 1lift-off speed is incremented. The angle of
attack in ground effect is calculated by subroutine "GROUND". For
the calculated value of the lift-off speed, the value of (T-D)/W

is calculated, using data obtained via '"COMMON", Now the rotation
speed is calculated. A check is made to see if the rotation speed
exceeds the speed for minimum control on the ground; if so, the
lift-off speed is incremented and above procedure repeated. In

the current setup, the VMC is defaulted at .95 Vs. Now the
GROUND

rotation distance is calculated. The total distance traveled so far

is incremented for the next loop in the program: the airborne phase.

Via subroutine "GROUND" the value for the 1lift curve slope is calcu-

lated. At this stage the functions F(y) and F(h) are calculated,
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from the height and the climb angle., The lift-off distance SLOF
is incremented till the climb angle equals the climb angle for the
speed VZ‘ (V2 = 1,2 YS.) The distance needed to climb to 35'

is calculated. Then a check is made for the speed at 35'; if this

is lower than Vz, then the lift-off speed is incremented again and

the complete procedure repeated till V35. = 1,2 Vs.

9.4 TEST-RUN

The data for the testruns were found in Reference 9.4. The

testrun was done for airplane A, see Appendix C for data.

WETGHT DEPENDENT DATA:

w = 9000 1b W = 11400 1b
Vg = 152 fps Vs = 175 fps
(T-D) /¥, rprorF = +13 (T-D) /W, reropr = 071
(T-D)/W35. = ,13 (T—D)/W35, = 071
CD = ,079 CD = ,0854
CL = .97 CL = 1,163
Figure 9.4 shows the computer output for both rums.
TABLE 9.1: VARIABLES IN SUBROUTINE ROTSPEED
NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS /DEFAULT
-1
Al — rad - Dummy
ALPHA a rad Common
ALPGR ag rad —
ALPLOF 4 oF rad ——
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TABLE 9.1: VARIABLES IN SUBROUTINE ROTSPEED (continued)
NAME ENG. SYMBOL DIMENSTON ORIGIN REMARKS/DEFAULT
B@DANG QL eR rad —

(041 CD - Common
CL CL — Common
CLLOF c ——— —

LioF
DCLDAG Act. —

%GR

DELTS1 AS 1 ft — 10
DELTV1 Avl ft/sec —_— 2.5
DTDTA (dG/dC)A rad/sec -— 0.087
DTDTR (de/dt:)R rad/sec —_— 0.087
EYEW 1" rad Coummon
FGl — —— — Duomy
FGAM F(y) — _—
FH F(h) — —
FH1 — — — Dummy
FTHDOT F(8) — —
G g ft/sec? — 32,1741
GAMMA Y rad —
GAMMA?2 Y9 rad —
HAC H hc ft —-—
HEIGHT Hg fe Common
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TABLE 9.1:

VAR1ABLES IN SUBROUTINE ROTSPEED (continued)

NAME ENG. SYMBOL DIMESION ORIGIN REMARKS /DEFAULT
H1 hl ft —
Ll-L3 — — — Dummy
-1
NALP n rad —
a
RHO ) 1b seczl £ t4 Common
S1 S1 ft ——
SAIR SAIR fc —
SLOF SLOF ft -—
2
SN a ft/sec -—
SR@T SROT ft —
ST@T STO‘I‘ ft —
2
SW Sw ft Common
T T 1b Common
T-D
TDGW 7 -— -_—
TDOWL® (T—;,-D- _— —
LIFTOFF
V2 V2 ft/sec —
V12 — — —— Dummy
VLgF VI.OI" ft/sec —
MCG VMCG ft/sec —-— .95 Vg
VROT VROT ft/sec —
ORIGINAL BAGE Ib
VSTALL Vs ft/sec Common OR POOR QUALITY
w W 1b Common
XF X —— — Dummy



‘ START >

INPUT
DATA

S
aes
[-X-N-)

COMPUTE
ANGLE OF ATT.
ON GROUND

WARH I NG
MESSAGE

DATA

9.10

{HCREMENT

+Av‘

Lor~VLoF

COMPUTE
CL (LIFT-OFF]

3

COMFUTE
ANGLE OF ATT)

COMPUTE
ROT

no

COMPUTE
ROTATION
DISTANCE

'GROUND"

WARNING
MESSAGE

COMFUTE

n
a

(9.6)

flowchart for subroutine "ROTSPO'
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Figure 9.3: continued
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260

DATA
DATA
DATA
DATA
DATA
DATA

41

VSTALL,SYEW,BODANG/168.9,.0u44,.0/
SN,W,RHO,SW/0.,11400.,.0023769,231.77/
HEIGKT,ALPHA,TDOWLO/2.7,.124,,122/
A1,TDOW,T,CD,CL/5.114,.096,2000.,.0834,1.163/
VMCG,CLMAX/0.,1.32/

DTDTR,DTDTA/.09, .04/

SUBROUTINE ROTSPD (VROT)

THIS SUBROUTINE CALCULATES THE ROTATION
SPEED, ACCORDING TO THE METHOD OF TORENBEEK.

NRITE (6,.)1

FORMAT(é1g§ ,"KU-FRL DEVELOPED SUBROUTINE FOR CALCULATION")
WRITE

FORMAT (10X "OF THE ROTATION AND THE LIFT-OFF SPEED")
WRITE (6,4)

FORMAT (10X,"TESTRUN FOR LEARJET MODEL 26"///)

REAL NALP

VLOF=VSTALL-2.5

L1=0

L2=0

L3=0

G=32.1741

IF (DTPTR.EQ.O.) DTDTR=0.08
CONTINUE

IF (DTDTA.EQ.0.) DTDTA=0,0%
ALPGR=EYEW+BODANG

GO TO 20

CONTINUE

L3=L3+1

IF (L3.GT.20) GO TO 3
CONTINUE

VLOF=VLOF+2.5

L1=L1+1

IF (L1.GT.15) GO TO 12

IF (SN.EQ.0.) SN=1.05
CLLOF=2.*SN*W/(RHO*SW* (VLOF*%*2 ))
IF (CLLOF.GT.CLMAX) GOTO 20
HAC=HEIGHT

CALL GROUND

ALPLOF=ALPHA

COMPUTATION OF ROTATION SPEED AND DISTANCE

TDOWLO=(T-D)/W
VROT=VLOF-G*TDOWLO®* ( (ALPLOF-ALPGR)/DTDTR)

IF (VMCG.EQ.0.) VMCG=.95%VSTALL

IF (VROT.LT.VMCG) GO TO 20
SROT=.5%((VROT+VLOF ) *( (ALPLOF-ALPGR)/DTDTR))
CONTINUE

SLOF=2f. ~

Figure 9.4: Listing of subroutine "ROTSPD'
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270
271
272
280
285
290C
300
310
313C
314C
315C
316C
317¢C
318¢C
320
330
3ii0
341
350
351
360
370
380
390
408
409
410
* 420
42uC
425C
426C
430
440
uus
446
450
451
461
464C
465C
466C
470
475
476
477
480
481
482
486
489
498C
499

30

50

90
81

86
12

100

CONTINUE

L2=zL2+1

IF (L2.GT.50) GOTO 74
SLOF=SLOF+10.

HAC=sH1

CALL CLIFT

DCLDAG=A1
NALP=DCLDAG/CLLOF

THE FOLLOWING FORMULAS ARE HP-65 CURVE
FITTINGS FOR FIG. 9.2 (REF 9.1), USED
FOR COMPUTATION OF HEIGHT AND CLIMB-
ANGLE DURING PITCH-UP

FTHDOT=1.+(VLOF/(2.%G))*(1./TDCW) *NALP*DTD1A
XF=G*SLOF/ (VLOF*#%2,)
FH1=(-.01367-.02682%XF+.21233#XF*%*2 )
FHzFH1+((3.-NALP)®*(,0023+,0543%(XF-.5)))
FG1=(-.09813+.56022%XF-.06661%XF*%2 )
FGAM=FG1+((3.-NALP)*(.009+.0468%(XF~-.4)))
GAMMA=TDOW*FTHDOT *FGAM

GAMMA2=(T/W-CD/CL)

IF (GAMMA.LT.GAMMAZ) GOTO 30
H1=(VLOF*%*2 /G )®TDOW*FTHDOT *FH

CONTINUE

L2=0

S1=(35.-H1)/GAMMA2

STOT=SROT+SLOF+S1

CHECK FOR V2 AT 35 FEET

V2=VLOF+((G*(SLOF+S1)/VLOF) *(TDOW-35./(SLOF+S1)))
V12=1.2%STALL

L1=0

SAIR=STOT-SROT

IF (V2.LE.V12) GO TO 2

GO TO 100
WARNING MESSAGES

FORMAT (10X,"MORE THAN 15 ITERATIONS IN GROUNDROTATION"///)
WRITE (6,81)

FORMAT (iOX,"MORE THAN 20 ITERATIONS IN LIFT-OFF PHASE"///)
GO TO 50

WRITE (6,86)

FORMAT (10X,"ITERATION FOR V2 EXCEEDS LIMITS"///)

GO TO 100

WRITE (6,90)

GO TO 41

RETURN ORIGINAL BAGE IS

CONTINUE OF POOR QU

Figure 9.4: continued
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504C
505C
506C
507
508
510
51
512
513
514
515
516
517
518
539
520
521
522
523
524
525
530
531
540
550

109
101
102
103
104
105
106
107
108

87

OUTPUT DATA
WRITE (6,109) W

FORMAT (10X,"WEIGHT= " 1F10.2,"
WRITE (6,101) VROT
FORMAT (10X,"ROTATION SPEED= " 1F10.2,"
WRITE (6,102) VLOF
FORMAT (10X,"LIFT-OFF SPEED= " 1F10.2,"
WRITE (6,103) V2
FORMAT (10X,"SPEED AT 35 FT= " 1F10.2,"
WRITE (6,104) SROT
FORMAT (10X,"ROTATION DISTANCE= " 1F10.2,"
WRITE (6,105) SLOF
FORMAT (10X,"LIFT-OFF DISTANCE= " 1F10.2,"
WRITE (6,106) S$1
FORMAT (10X,"CLIMB-OUT DISTANCE= " 1F10.2,"
WRITE (6,107)STOT
FORMAT (10X,"TOTAL DISTANCE= ", 1F10,2,"
WRITE (6,108) SAIR
FORMAT (10X,"AIR-DISTANCE= ", 1F10.2,"
WRITE (6,87)
FORMAT (10X,"##%END OF SUBROUTINE ROTSPD*##n///)
STOP
END
KIU-FPL DEVELDOPED SUERCUTINE FOR CALCLLATION
OF THE ROTRTICHM BND THE LIFT-GFF SPEET
TESTRUN FOR LEARET MATEL &' ' ’
WEIGHT= 1140000 LB
ROTATION IFEED= 205.47  FPZ
LIFT-OFF 3PEED= 207 .50 FPS
SPEED AT 35S FT= 211.10  FP3 :
ROTATION DISTANCE= 13%.54 FT ;
LIFT-GFF DISTAMCE= £30.00 FT 3
CLIME-CUT DISTENCE= 123.77  FT |
TOTAL DISTANCE= 1062.21  FT
AIR-DISTANCE= 219.77 FT
Figure 9.4: continued h
ggﬁﬂﬂ
of
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9.5 RESULTS AND DISCUSSION

Figure 9.5 shows a comparison of calculated take-off speeds with
flight manual data (Ref. 9.4). The data used in the calculations
were found in Reference 9.5. As stated earlier, the parameters (deldt)R
and (de/dt)A have a great influence on the results of the calculations.
An increase in (de/dt)A decreases the air distance, while an increase
in (de/dt)R increases the rotation speed. No data on actual pitch-up
rates were available, but the ones used for the computation seem to be
reasonable., The GASP run shows a lower VR and V2’ mainly because of a
low pitch-up rate during take-off. The air distances are all higher

than actual values, but within 10%, Figure 9.6 shows the air distances.

13000 : RECEEEE S S /’ oy

12000 =

ght ~ lbs

11000 f

Gross Vel

10000 =

9000 ot < 3 ; ? i  ; f:;£,é¥;  7 n  ?f

8000 L

90 100 110 120 130 140
Airspeed v kts

Figure 9.5: Comparison of take-off spaeds
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10000
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8000

‘E R T
V' 400 500 600 700 800 900
Airdistance v ft

Figure 9.6: Comparison of air-distances
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CHAPTER 10

INERTIA ROUTINE

10.1 INTRODUCTION

Moments of inertia are used in the determination of the dynamic
stability characteristics of an aircraft. The specific values needed
for input into the dynamic stability routine are Ixx, IYY’ Izz, and
IXZ’ representing momwents of inertia in roll, pitch, and yaw, respec-
tively, and the XZ cross product.

In its original form GASP does not compute inertias. Several
ideas were cons: .ered for producing an inertia routine. It was
determined that the ideal routine should use mainly GASP variables
and compute inertias within + 10%.

Inertia data were solicited from a number of airframe manufac-
turers to provide baseline data. Data for 18 aircraft were graphed
and examined for trends, in the hope that a modified statistical
method could be derived. These are presented as Figure 10.1~3. This
method did not produce the desired results.

A trial run was made with a method from Reference 10.1. This
method is re.atively simple and provides the required accuracy; it
was, therefore, chosen for inclusion into GASP. A description of

the method and results follows.

10.2 DISCUSSION OF METHOD

The moment of inertia of a body about its own axis of rotation
is given by:

1~[2%p, av (10.1)
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where: r is the distance to a point from the
rotation axis, and

prdV is the mass.

The inertia thus obtained will be refered to as I,s for a body about
its own axis. Tiiis inertia may be transformed to a remote axis by

the parallel axis theorem:

2
I= IO + R,y (10.2)

where:
T is the radius t0 the remote axis.

In the detail design phase the aircraft may be broken up into
several hundred sections to determipe inertias. This is not practical
in preliminary design. From the graphs of inertia data (Figures 10.1
through 10.3) it is apparent that a purely statistical approach
would be difficult. The method of Reference 10.1 combines some
aspects of weight breakdown and statistical methods to produce rela-
tively rapid results.

The method of Reference 10.1 divides the empty aircraft into
five major sectiomns:

1) Wing

2) Fuselage

3) Horizontal Stabilizer

4) Vertical Stabilizer

S) Power Plant (Engine and Nacelle)

Mass and distance from the rotation axis are determined for
each section, resulting in the mrz term of Equation (10.2); Io's

for each section are given by statistically based equations.
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The inertias thus obtained are for the empty zircraft, gear up.

Variable item inertias are estimated with formulas for standard

geometric shapes.

Fermulas for the various Io's are presented below. Figure 10.4

illustrates geometric variables.

Flgure 10.4: Alrplane geometry

a. Wing Pitching Moment of Inertia, IOY

if: 1 = %‘(-ca2 + cb2 +C,Cy+ ccz)

. - 3 2 3
and: (2) 12( ca + cb + cc cb + Cc cb + cc ) (10.3)

3 2
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2
then: (3) = (2) - <1

%

where:
o = v (10.4)
.5 (-Ca + Cb + Cc)
Ca is the smallest of the following values:
bwtanltLEW b"tanALEw
ch; — ctw+—-—2-—-— (10.5)
Cb is the intermediate value
Cc is the largest of these values
then:
IoY = 703 (3) (1¢.6)
b. Wing Rolling Moment of Inertia, on
2 ¢, + 3¢
_ WOy h (/R N (10.7)
(4.4 24 c c *
v+ S
(For value of Kl, see Figure 10.5.)
1.1 ._;_-.*,,._... r
L L1y
1.0 , : !(/
.9 — A
. yi
s f——
SR TN O
7 ‘ V“/ | Ye
- |- Note: G
K . et - 4 X-axi 3 3
‘ ‘T boraaters ( _"_v_z_‘g_)
.5 = L b - 6 \%, ¢
' . P 'v ctv
P O
]
kLt
} —
Pl o Figure 10.5:
j ik g B T Parameter for Wing Rolling
0 H 1
5 6 .7 .8 .9 1.0 1.1 1,2 omemtof lnertis),
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C. Wing Yawing Moment of Inertia, IOZ
IOZ = IOx + IOY (10.8)
d. Fuselage Pitching Moment of Inertia, IOY
I = HEUSSKZ 3hC + qus (10.9)
1) 4 37.68 2L h ‘
fus C
(For value of Kz, see Figure 10.6.)
Note: L./2 - X
X-a:ts F/ CGF
parameter: LF/2
K2
Figure 10.6:
Parameter for Fuselage Pltching
Moment of iInertia, 'o

Y

e. Fuselage Rolling Moment of Inertia, on

2
M_ K S
f 3 fus
on == 7L (10.10)
fus

(For value of‘K3, see Figure i0.7.)

f. Fuselage Yawing momeﬁt of Inertia, IOZ
Ioz = IOY (10.11)
g. Horizontal Stabilizer Pitching Moment of Inertia, IOY
if: < £ (02 2 2
(1) =g (c+Cc +cCc C +C)
N 3 3 L 2 2 3
(2) 13 ( C1 + Cb + ¢, Cb + Cc Cb + Cc ) (10.12)
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K3

Note: h, W
X-axis ¢ Fs
paramater: \‘F
0 1 A 1 1 1 L 1
V2 3. 4 5 6 7 8
FiQ;;;mlo.?: Pléaneter for Fusalage Rol|¥;;—”
Moment of Inertia, I°
X
w2
(3) = (2) - -iq;- (10.13)
where:
p = — “H (10.14)
.5(ca+cb+cc)
Ca is the smallest of the following values:
thanALEH bntanALEH
P 5 ;oc, +——-———2 (10.15)
Ry H
Cb is the intermediate value
Cc is the largest of these values

10.9



then:

Iy = 271 (3) (10.16)

h. Horizontal Stabilizer Rolling Moment of Inertia, IOY

2 c 3¢
- % %% Pat tw (10.17)
(1):¢ 24 c. +c¢ '

Ry tw

(For value of K&’ see Figure 10.8.)

I

1.7

1.6

YT

1.5

1.3

1.2

1 S S U S Note: chn
: - b o ~ :a::l:ter: Ei (cRH *+ 2 ctﬂ)
ﬁ : . 6 CR" + C:H
_é *-I::v.wu.”” -
L9 1) 11 1.2 1.3 1.4

Figure 10.8: Parameter for Horizontal Tail

Rolling Moment of inertia, |°
X

il
IGINAL BAE
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Horizontal Stabilizer Yawing lioment of Inertia, IOZ

Ioz - IOY + on (10.18)

Vertical Stabilizer Pitching Moment of Inertia, IOY

IL,=I.+1I (10.19)

oy 0X 0z

Vertical Stabilizer Rolling Moment of Inertia, on

My, bv2 Kg chvctv
ox " 18 1+

I 2 (10.20)

(e, +c_ )

Ry Y

(For value of KS’ see Figure 10.8.)

Note:

a2 7 A ' X-axis b

paramater:
0 1 Z 1 i 1 I s

3 4 5 8 .7 8 .9 1.0 10

i
3

Figure 10.9: Parameter for Vertical Tail Rolling

Moment of Inertia, |
Ox
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1. Vertical Stabilizer Yawing Moment of Inertia,

if:

where:

then:

m. Power

Loy

n. Power

Lox =
0. Power

Loz =

2 2 2

--p—-
(1) 6(Ca +Cb +cccb+cc)
- 2 3 3 2 3
(2) 12 (--Ca + Cb + Cc Cb + Cc Cb c )
w?
(3)-(2)-Mv
PT 5 (<< +c¢C_+¢C)
' a b c
Ca is the smallest of th: following values:
c, ;3 b,tanA 3 ¢, + b tanA
Rv v LEV tv v
Cb is the largest of these values

IOZ = 771 (3)

Plant Pitching Moment of Inertia, IOY

3 2
4 "p Nac e Eng

2 2
.061.[ Md + ML + (Hp - Me) LNac ]

Plant Rolling Moment of Inertia, on
.083 M 2

pdNac
Plant Yawing Moment of Inertia, IOZ
Toy

(10.21)

(10.22)

(10.23)

(10.24)

(10.25)

(10.26)

(10.27)

(10.28)

(10.29)

K values are statistically based and presented in graphic form

as Figures 10.5

was fitted to the Kl line with a power curve fit.

- 10.9, reproduced from Reference 10.1.

10.12
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equations of the form y = mx + b.

Kl = 1.2454 (X1 - .585)1-8438

64 (10.30)
where:

Xl = YC8V/{3-0.1667-(CR + 2-ct)/(cR + ct)} (10.30a)

¢
K2 = .98 - .915{(.5¢; - xcgf )/ (.52} (10.31)
us
K3 = .07 + .186Jﬁg (CAL ) (10.32)
S
where:
X2 =Y /{b.,.+0.1667(c, + 2¢, )/(c, +c, )}
Cgyp HT Rer S Pur  CaT
(10.33a)
KS = 2.362°X3 - 1.134 (10.34)
where:
)}

X3 = chVT/{bVT-0.3333(cRVT+ zctVT)/(CRVT+ ctVT

(10.34a)

Fuel and passenger inertias are not accounted for by the method
of Reference 10.1.

Assuming that all fuel is carried in the wing and tip tanks,
fuel inertias may be approximated as follows:

Referring to Figure 10.11, the fuel tank is assumed to start at
the fuselage and continue a distance, bfuellz’ to a station, R. The

fraction of the wing chord filled with fuel is given by Cfuel

10.13




- bulz

fue! Tank

Figure 10.10: Fuel tank geometry

Fuel volume is assumed trapezoidal. Integrating over the trapezoidal
volume with z, y, and r coordinates as shown, the inertia about the

r = 0 plane is given by:

1 = 2X foer

0XX pdMdr

R_2
= 2X [o r0(Z) = 2T + Z,r) (Y - Y,T + Y,r)dr (10.35)

Zl, 22, Yl, Yz, and p are constants, allowing iategration
of the equation to yield:

3
IOXX = R (0.0333px1Yl+0.050X2Y1+ O.Qspxly w.szzy (10.36)

2 2)

ORIGINAL BAGE IS
OF POOR QUALITY
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The variables Zl, 22, Yl’ and Yz are functions of known variables:

z1 = (t/cr - t/ct)(l - WC/bw) + t/ct(a (10.37)
where:
C1 - (cR - ct)(l - WC/bw) + c,
¢
z, = (c/cr - t/ct)(l - bfuel/bw) + t/ctC; (10.38)

where:

C, = (CRC = e )L = b /by +ey

L

Y x C

17 %fuel * M1

Y c (10.39)

2 " Cfuel X%

p = fuel density in lb/ft3

e t—————

32.174
GASP approximates tip tanks as prolate spheroids. Tip tank

variables are illustrated in Figure 10.1l.

r
_ |
o (G ""‘-‘%
| M
1 !
! (D Ler
P
4
| ya
! ///’DTT
- Z
o o

Figure 10.11: Tip tank geometry

EIb
RIGINAL BAG
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The tip tank lateral location variable has a default value of bw/2;
using other values drop tanks or nacelle fuel may be simulated.

I, inertias are calculated for tip tanks about the pitch and yaw

0

axes by:

M,
1, = 52 (A",is) + (B"“) (10.40)

using the inertia formula for an elliptical body of revolution.
Io for the roll axis is considered negligible.

Passenger inertia variables are illustrated in Figure 10.12.

X5 1 10t

\. a. J

Figure 10,12: Passsnger compartment.

Passenger Io's about the roll axis are found by assuming the passenger's
mass to be uniformly distributed over a 4.3 by 1.5 ft. rectangle. Io's

in the pitch and yaw axes are considered negligible.
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Ixz's required for the dynamic stability derivatives are
approximated by considering the Ixz's of the tail:., and the wing

where applicable.

10.3 CHECK CALCULATIONS

The sample aircraft of Reference 10.1 was used for a check
calculation. See Appendix D for data.

a. Wing Pitching Moment of Inertia IOY

C =8.75
a

Cb = 17.08

C =25
c

p = 27.98

(1) = 5908.3
(2) = 88370.4
(3) = 13492.6

L. = 9485.3 slug ft2

oY

b. Wing Rolling Moment of Inertia Iox

2
on = 135546 slug ft

¢. Wing Yawing Moment of Inertia I

0z

2
IOZ on + IOY 145031 slug ft

d. Fuselage Pitching Moment of Inertia IOY

2
IOY = 311319 slug ft

e. Fuselage Rolling Moment of Inertis T,
K3 = .98

2
on 11899.9 slug ft

10.17




£. Fuselage Yawing Moment £ Inertia I

oz

2
Ioz = IOY = 311319 slug ft

8. Horizontal Stabilizer Pitching Moment of Inertia, I

oY
C_ = 3.539
a

Cb = 7,709

cC =18.33
c

o = 4.97
(1) = 149.61
(2) = 837.4
3) = 117.2
Iy = 90.38 °

h. Horizortal Stabilizer Rolling Moment of Imertia, I

).
K4 = .72

I., = 1723.8
U‘-

i. Horizontal Stabilizer Yawing Moment of Inertia, I

0z

IOZ = IOY + on = 1814.2

j. Vertical Stabilizer Rolling Mowent of Imertia, I

oxX
KS = .93

on = 188.6

k. Vertical Stahilizer Yawing Moment of Inertia, I

0z
Ca = 12.56

Cc = 20.89
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p = 0.64

(1) = 122.2
(2) = 1815.17
(3) = 213.6

Ioz = 164.7

1. Vertical Stabilizer Pitching Moment of Irertia, I

oY

2
IoY = on + Ioz 353.3 slug ft

m. Power Plant Pitching Moment of Inertia, I

oY
oy = 2748.8
n. Power Plant Rolling Moment of InertialJlox
.2
on = 448.6 slug ft
o. Power Plant Yawing Moment of Inertiql_loz

I, = = 2748.8 slug ft’

oz = Toy

p. Aircraft Cross Product Inertia, I

Xz

IxzV = 'zccv (xccv) My

I = 2892.1
XZv

. =2z (x )
XZy  Cyuing  “Swing "

=0

A comparison of these results with the results of Reference 10.1,
as well as with the computer testrun output, will be done in Section

10.4.
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10.4 PROGRAM DT _RIPTION

The method described in Section 10.2 was transformed into a
FORTRAN computer rout:ne. Table 10.1 shows the computer variables
as used in the program. Figure 10.13 shows a :1ow chart of the pro-
gram. A listing of the program as well as a sample output is
shown in Figure 10.14. A description and three-view of the aircraft

used in the tests are given in Appendix D.

TABLE 10.1 VARIABLE NAMES IN SUBROUTINE “INERTA"

NAME ENG. SYMBOL  DIMENSIOH ORIGIN REMARKS

AXIS s ft Common Major axis of
tip tank

BENGOB beng/bw -— Common

BFUEL bfuel ft Commeon

BHT bHT ft Common

BVT bVT ft Common

BW by ft Common

BXIS b ft Common Minor axis of
tip tank

CA Ca —-— —_—

CB Cb -— -—

cc Cc —_— —

CGLG CGLG ft Common Radial distance

from fuselage
center line

CFUEL Cfuel
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TABLE 10.1 VARIABLE NAMES IN SUBROUTINE "INERTA" (continued)

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
CHORD1 - - -— Dummy
CHORD2 - - -— Dummy
CON —-— ——— - Dummy
CONST1 —— —-— —_— Dummy
CONST2 —-— —-— -— Dummy
CONST3 - -— —-— Dummy
CRCLHT C, fc Common
ST
CRCLVT C ft Common
Rt
CRCLW qu fc Common
W
CTHT Cc ¢ ft Common
HT
CTVT C tvr ft Common
CTW C ft Common
tw
DBARN d ft Common
nac
ELCG X G ft Common
ELCGH X ft Common
CGHT
ELCGV X fr Common
CGVT
ELF zfus ft Common
ELN L fe Common
nac
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TABLE 10.1 VARIABLE NAMES IN SUBROUTINE "INERTA" (continued)

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
ELTIP XCG ft Common
Tip
ELWING chw ft Common
2
ENGIOX on slug ft —
eng
[ ]
ENGIOY Loy slug ft* -—
eng
2
ENGIX Ixx slug ft -———
eng
ENGIY Lyy slug ft~ —
eng
2
ENGIZ IZz slug ft —
eng
FUELD P el 1b/gal Common
2
FUSIOX on slug ft -
fus
»
FUSIOY Loy slug ft*© -—
fus
. 2
FUS1X IXX slug ft —-—
fus
2
FUS1Y IYY slug ft ——
fus
2
FUSIZ IZZ slug ft -—
fus
2
GEARIX Ixx slug ft —
LG
GEARIY IYY slug ftz —
LG
2
GEARIZ Izz slug ft -
LG
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TABLE 10.1 VARIABLE NAMES IN SUBROUTINE "INERTA" (continued)

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
HC hc ft Common
HORIOX I slug ft2 -—
Xgr
2
HORIOY IOY slug ft -—
HT
2
HORIX IXXH, slug ft -—
L
HORIY IYY slug ftz —
HT
2
HORIZ Izz slug ft —_—
HT
2
INERTX Ixx slug ft —
INERTY Iy slug £e2 -—-
INERTZ IZZ slug ftz -—
I0Y —-—- -— - Dummy
IROW -— - -— Dummy
IROW2 —-_— -— -— Dummy
2
IXXP Ixxpax slug ft -
2
IX2Z Ixz slug ft —-—
IXZH I slug ft2 —
XZy
T
IXzv I slug ftz -
XZyy
IXZw I slug ft2 —-_—
x,
lug fe2 ORIGINAL BAGE I§
e prax slug fc - OF POOR QUALITY
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TABLE 10.1 VARIABLE NAMES [N SUBROUTINE "INERTA" (continued)

NAME ENG. SYMBOL _DIMENSION ORIGIN REMARKS
12zZp I slug £ t2 ——
2z
pax
K1 K1 —-— ——
K2 K2 —— ——
vi K3 —— ——
K4 K4 -— B
KS K5 -— -—
LENG ) ft Common
eng
M M 1b -— Dummy
MB w 1b Common
MBT WB slugs —
MEP W slugs -—
pe
MFTIP quel slugs -
tip
MFW wfuelw slugs -—
MHT WHT slugs -—-
MLG ch slugs —_—
MP W slugs -—
P
MPASS W slugs ——
pax
MPLMAX W slugs —-—
pax
max
MTIP W tip slugs ——

CRIGINAL PAGE Ig
OF POOR QUALITY,
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TABLE 10.1 VARIABIE NAMES IN SUBROUTINE "INERTA" (continued)

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
MVT “vr slugs —-—
MW Hw slugs ——
PAX Npax ~——- Common Excluding
pilot
PS ft Common
seat
R -— -— -—- Dummy
Rl —— —_— -—— Dummy
RELP xCG /lfus -_— -—
eng
RELR XCGf /zfus -— — .33
us
RHO o 1b seczlft4 -
SAB — —-— Common
SAH —— —— Common
SF Sf ft2 Common
us
SWPLE ALEW rad Common
SWPLEH AL rad Common
Byt
SWPLEV ALEVT rad Common
TCR t/clR -— Common
TCT t:/c|t -— Common
TIPIOY IOY slug ft ——
tip
HWPAX W ib Common
pax
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TABLE 10.1 VARIABLE NAMES IN SUBROUTINE "INERTA" (continued)

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
VERIOX I slug ft2 —
Oty
2
VERIOY IOY slug ft -
VT
2
VERIOZ IOZ slug ft -
VT
2
VERIX I slug ft -
Xxyp
2
VERIY IYY slug ft -——-
VT
2
VERI1Z IZz slug ft -
VT
WAS waisle ft Common
WB WB 1b Common Fuselaze section
S weight
WBT WB 1b Common Fuselage weight
WwC WC ft Common
WEIGHT W 1k -—
WEP W 1b Common
pe
2
WFIOX on slug ft --=
fuel
2
WFIX IXx slug ft ——=
fuel
2
WFIY I slug ft ———
YY
fuel
WFTP W 1b Common
fuel
tip
WFW W 1b Common
fuelw
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TABLE 10.1 VARIABLE NAMES IN SUBROUTINE "INERTA" (continued)

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
WHT wHT 1b Common
WLG ch 1b Common
WNGIOX 1 slug ftz —-—
0Xy
2
WNGIOY I slug ft ———
(0)'4
W
WNGIOZ I slu ft2 ——
0z, g
WNGIX Ixxw slug ft2 —-—
2
WNCIY IYY slug ft _—
W
2
WNGIZ IZZ slug ft ——
W
WP Wp 1b Common
WPLMAX W 1b Common
pax
max
WS w ft Common
seat
WTIP W 1b Common
tip
WVT wVT 1b Common
WW ww 1b Common
XPILOT xpilot ft Common
Y1 —— -— - Dummy
Y2 — — -— Dummy
YCGENG ?cc ft Common
eng
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TABLE 10.1 VARIABLE NAMES IN SUBROUTINE "INERTA" (continued)

NAME ENG. SYMBOL DIMENSION ORIGIN REMARKS
YCGHOR YCGH ft Common 2 bHT
T
YCGTIP ’-{cc ft Common
tip
YCGWNG YCG ft Common .18 bw
wing
Z1 -—— —— -—— Dummy
zZ2 - -— —-——- Dummy
ZCGHOR zcc ft Common
HT
ZCGVER ZCG ft Common .6 bVT
vT
ZCGWNG z ft Common
CGw

Table 10.2 illustrates the comparison between the results of
the hand calculation, the data of Reference 10.1, and the computer

output for the test airplane K (see Appendix D for details).

TABLE 10.2 COMPARISON OF INERTIA COMPUTATIONS

KU~-YRL KU-FRL
"INERTA" "INERTA"
Hand Calculation Ref. 10.1 Computer
IOY 9,485.3 9,493.2 9,443.9
W
onw 135,546.0 135,591.5 135,861.6
I 145,031.0 145,084.7 143,305.5
OZw

ORIGINAL BAGE IS
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TABLE 10.2 COMPARISON OF INERTIA COMPUTATIONS (continued)

KU-FRL KU-FRL
"INERTA" "INERTA"
Hand Calculation Ref. 10.1 Computer
IOY 311,319.0 311,473.4 311,994.9
fus
on 11,899.9 11,798.5 11,191.9
fus
IOz 311,319.0 311,473.4 311,994.9
fus
IOY 90.4 95.7 90.3
Hoz
IO 1,723.8 1,774.9 1,724.4
Koz
Ioz 1,814.2 1,870.6 1,814.7
Hoz
IOY 353.3 305.2 339.3
Vert
I 188.6 188.4 189.2
Xyert
I 164.7 116.7 150.1
onert
IoY 2,748.8 2,748.8 2,761.8
eng
on 448.6 447 .9 448.6
eng
Ioz 2,748.8 2,748.8 1,966.8
eng

NOTE: All inertias in slug f:z.
Table 10.3 gives the results of computer runs to determine the

mass properties for several general aviation aircraft. Also given

are manufacturers’data,
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TABLE 10.3

INERTIA CALCULATIONS, COMPARISON

1 t 1
AIRPLANE XX 2 Y 2 22 %
TYPE WEIGHT ~ SOURCE ., "¢e?  ERR.  slug £t  ERR.  slug £t> ERR. ° 'xz
£ MWE INERTA 650.6 - 644.4 b7 12319 6.0  -25.9
MANF. 631.7 . 661.5 . 1157.9 .
£ MTOW  INERTA 697.8 645.9 1254.9
MANF, ——- -aw ——a=
F MWE INERTA 829.6 1860.2 2993.7 -1891.7
MANF, 794.2 4.3 1571.3 133 2252.4 2.7
F MTOW  INERTA 12152 .,  1879.8 LTS Lo
MANF. 1551.4 . 1878.3 : 3301.0 ‘
H MUE INERTA  9467.5 66  13930.9 ,g  22076.5 Ly -287.5
MANF. 8846.0 . 14318.0 . 21830.0 .
H MTOW  INERTA 175127 ., o 21554.0 60 37267.6 0.2
MANF., 14884.0 . 20270.0 ‘ 311836.0 .
A WWE INERTA  6793.2 o 17260.9  13.4  22919.0 . o -1320.4
MANF. 6045.0 . 14948.0 19572.8 .
A MTOW  INERTA  34319.6 22561.9 $2960.9 -
MANF. - - -—

The average error in the computations is as follows:

It may be concluded that the subroutine INERTA performs well

Iyx

Iyy

Iz

11.3%

6.8%

5.7%

within the accuracy required for preliminary design work.

were